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ABSTRACT
INVESTIGATING THE COSTS OF EAVESDROPPING UNDER FIELD CONDITIONS
Grace Freundlich
June 24, 2020
Eavesdropping is defined as the act of an organism taking advantage of a cue
that was not originally intended for them for their own gain. Plant-mediated
eavesdropping is a widely documented phenomenon and eavesdropping cues range
from oviposition cues to airborne volatile compounds. Eavesdropping is predicted to be
widespread because eavesdropping confers a fitness advantage. In plants,
eavesdropping on herbivore-induced plant volatiles (HIPVs) often results in enhanced
resistance profiles upon herbivory. As a result of this enhanced resistance, it is predicted
that eavesdropping alone incurs minor costs due to resource shifts towards inducible
defense responses. Although HIPV-mediated eavesdropping is widely documented, few
studies have investigated ecological factors that impact costs of eavesdropping,
especially under field conditions.
In this dissertation, I investigated factors that impact a plant’s utilization of
volatile cues, and how eavesdropping affects growth and defense profiles in
eavesdropping plants. In the second chapter, I studied how exposure to a ubiquitous
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plant derived compound, the green-leaf volatile cis-3-hexenyl acetate (z3HAC), affected
Phaseolus lunatus (Lima bean) and Capsicum annuum var. Cayenne (Cayenne pepper).
Although they were exposed to identical treatments, exposed pepper plants
experienced vegetative and reproductive costs while lima bean had increased growth
from volatile exposure alone. In the subsequent field season, I found that duration of
exposure to z3HAC significantly impacted overall growth in lima bean. To determine if
volatile blends differentially impact growth and defense profiles, I manipulated
neighboring herbivore and plant identity to assess costs of eavesdropping. While
neighboring plant identity had some effects on overall biomass, herbivore identity
impacted resource allocation towards indirect defenses. To determine why plant-plant
eavesdropping is observed, I used seeds collected from the experiment in chapter 4 and
grew them in the next field season. Counter to our predictions, maternal eavesdropping
had no effect on plant performance such as growth and defense. These results indicate
that the costs and benefits of eavesdropping under field conditions are extremely
nuanced and impacted by environmental variation, such as herbivore pressure and
abiotic stress.
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CHAPTER I
INTRODUCTION
Almost any defense mechanism, whether it is chemically [1] or physically [2, 3]
mediated, incurs costs as a result of energetic tradeoffs between growth and defense
[4]. As a result of their sessile nature, plants must account for environmental variation
to optimize defense allocation. Induction studies with phytohormones, such as jasmonic
acid and its conjugates, verify that costs occur with initiation of defense since induction
often results in enhanced herbivore resistance at the cost of reduced growth [5-7]. Costs
of defense are especially apparent under varying biotic and abiotic factors, such as
population level differences across environmental gradients [8] and herbivore pressure.
The ability for a plant to be plastic allows for optimized resource allocation to prioritize
fitness and minimize costs of defense [9]. The defense horizon, or underlying
constitutive levels of defense, is significantly impacted by herbivore presence and
pressure. As a result, baseline levels of defense are only present when necessary and
vary in inducibility [7, 10, 11]. Environmental variation and costs determine if defenses
are constitutively maintained or induced [12, 13]. For example, in the absence of
herbivores, Palmer et al found that Acacia plants under long-term herbivore exclusion
had reduced spine counts and increased reproductive output relative to controls [14].
Similarly, energy previously utilized for chemical defenses was diverted towards
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reproductive growth in grasses when herbivores were excluded over multiple
generations [15]. These dramatic shifts in resource allocation away from defense
indicate various underlying mechanisms for minimizing costs and adapting to localized
stress in real time.
Plant-plant eavesdropping is a cost saving strategy that allows a plant to
anticipate herbivory before it occurs. Plants eavesdrop on various types of
environmental cues that are associated with herbivory [16, 17]. These cues range in
identity and include leaf vibrations caused by herbivores [18], compounds secreted from
insect oviposition [19, 20], mucus from snail trails [21], and herbivore-induced plant
volatiles [17, 22] released from herbivore-damaged leaves, stems, and roots. The ability
to determine an accurate signal within the environment is pivotal for optimizing defense
and reducing the risk of responding to an unreliable cue [9]. Within plants, most studies
have focused primarily on the impact of herbivore-induced plant volatiles (HIPVs) [23].
HIPVs vary in size and structural complexity, ranging from green-leaf volatiles (GLVs)
[24] to sesquiterpenoids [25-27].
In plant-herbivore interactions, herbivore-induced plant volatile (HIPV)-mediated
eavesdropping is widely observed because HIPVs serve as reliable indicators of
herbivory [26]. HIPVs are ubiquitously released simultaneously upon mechanical [28]
and herbivore-induced damage [29], accurately depict herbivore feeding guild [30], and
identity of the emitting plant [31, 32]. HIPV-mediated eavesdropping has been
documented across the plant kingdom. While most papers have documented
eavesdropping in agricultural systems [33-39], trees shrubs [40-42], and non-vascular
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plants [43], we know very little about the conditions in which eavesdropping plants use
HIPVs. Within this dissertation, I wanted to elucidate ecological factors that may impact
why plants utilize volatile cues and begin to understand why eavesdropping is observed
within the plant kingdom.
Organization of Dissertation
In this dissertation, I separately tested individual ecological factors that influence
when a plant may utilize a volatile cue before experiencing herbivory. Within this work, I
utilized Phaseolus lunatus and Capsicum annuum to assess the ecological costs and
benefits of eavesdropping within common garden experiments at Blackacre
Conservancy in Louisville, KY. I assessed proximate measures of fitness, such as overall
growth and reproductive output, as well as in-field herbivore resistance measures and
direct defense quantification to elucidate factors that allow eavesdropping itself to
become a selective pressure.
In my second chapter, I compared Phaseolus lunatus and Capsicum annuum
growth and defense profiles to determine if different plant species respond similarly to
a ubiquitous GLV cis-3-hexenyl acetate (z3HAC). Both species were grown under field
identical conditions and exposed to a continuous duration of ~10 ng/hour for 140 days.
While C. annuum experienced reduced growth, P. lunatus invested more in overall
growth and was more resistant to chewing herbivores under identical field conditions.
The third chapter investigated how duration of z3HAC affected the costs of
eavesdropping in P. lunatus. Since volatile duration can act as a contextual cue for
herbivore pressure, I predicted that increased duration would result in increased costs
3

relative to controls. For this study, I exposed P. lunatus to three separate duration
periods of z3HAC and assessed changes in growth and in-field defense. These
treatments consisted of a continuous exposure, a repeated 24-hour weekly exposure
(pulsed) and a one-week continuous exposure period (transient) during the growing
season. While in-field defense metrics, such as in-field herbivory and cyanide induction
did not differ across treatments, I found that pulsed and continuous exposure to z3HAC
resulted in increased stem and total biomass relative to control and transient
treatments.
Since I found alterations in biomass from z3HAC exposure alone, in the next
chapter, I wanted to determine if volatile specificity would impact costs of
eavesdropping via manipulating neighboring herbivore identity. In chapter 4, I
experimentally manipulated neighboring herbivore identity as well as emitting cultivar
identity to address this question. Overall, I found that eavesdropping plants respond
differently to herbivore-specific volatiles for defense while herbivore and neighboring
plant identity have relatively little effect on overall growth. In this case, I found
interactive effects between eavesdropping plant identity and neighboring herbivore
identity for indirect defense. While direct defense metrics were unaffected by
eavesdropping, exposure to volatiles generated by Anticarsia gemmatalis resulted in
decreased extra-floral nectary production.
To begin to explain why eavesdropping is a conserved trait, I collected and grew
seeds from the experiment in chapter 4 to determine if maternal eavesdropping impacts
next-generation performance, and if these effects are comparable to maternal effects
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from herbivory. In chapter 5, I found that maternal eavesdropping had no effects on
chemical investment in the next generation and no impacts on growth. While
transgenerational effects were not observed, it is important to note that environmental
conditions may influence when transgenerational effects are observed. Therefore, these
tradeoffs from eavesdropping may fall along a spectrum of inducibility that suggests
that eavesdropping results in moderate inducible responses that incur costs.
The final chapter summarizes the main conclusions of the dissertation and
provides avenues for future research questions to gain a greater understanding of plantmediated eavesdropping and how this knowledge can be applied within agricultural
settings.
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CHAPTER II
EXPOSURE TO A UBIQUITOUS GLV RESULTS IN SPECIES-SPECIFIC COSTS
Summary
Herbivore-induced plant volatiles (HIPVs) may cue eavesdropping neighboring
plants to ‘prime’ defenses prior to experiencing herbivory. Defense priming is an
inducible phenomenon that—like any inducible phenomenon—should incur fitness
costs. Such costs have not been documented under field conditions. I predicted that
exposure to an HIPV would reduce plant growth and reproduction. I treated lima bean
(Phaseolus lunatus) and pepper (Capsicum annuum) plants in a common field
experiment with a persistent, low-dose (~10 ng/hour) of cis-3-hexenyl acetate (z3HAC),
an HIPV that alone can prime plants. Whereas z3HAC-treated pepper plants had less
biomass and produced fewer flowers and fruits than did controls, z3HAC-treated lima
bean plants were larger, produced more leaves and flowers, and had less natural
herbivore damage than did controls. Thus, a single volatile priming cue induces
divergent, species-specific effects on growth, reproduction, and defense. These results
suggest that plant life history may influence how plants respond to volatile indicators of
herbivory.
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Introduction
Production and utilization of airborne chemical cues is prevalent within the plant
kingdom. Plants depend on airborne chemical signaling for pollination [44], indirect
defense [45], protection from pathogens [46], and herbivore resistance [47]. Volatile
communication is also pivotal for plant-plant signaling, and selection for such signaling
depends on honest cues that reliably confer ecologically relevant information. For
example, herbivory is a fundamental ecological interaction that impacts plant fitness,
and many plants induce the production and emission of volatile compounds in response
to herbivore damage [48]. Such herbivore-induced plant volatiles (HIPVs) then become
potentially reliable cues around which plant-plant eavesdropping could be evolutionarily
adaptive. Undamaged plants (or parts of the same plant [49, 50]) eavesdropping on
HIPVs from a plant experiencing herbivory may directly trigger stress responses [51-53],
or alternatively prime responses for future potential herbivory [17].
HIPV-mediated priming appears to be widespread across the plant kingdom.
HIPVs have demonstrated priming ability in corn [54, 55], tomato [56], poplar [47, 49],
blueberry [57] and lima bean [58, 59]. HIPVs can be diverse and taxon-specific [60, 61],
but are often comprised of monoterpenes, sesquiterpenes, benzenoids and green leaf
volatiles (GLVs) [62, 63]. In contrast to volatile terpenes and benzenoids [60, 64], GLVs
are immediately released into the airspace whenever leaves are mechanically damaged
[65] serving as reliable indicators of wounding. GLV exposure alters gene expression
profiles related to specialized metabolite production and accumulated secondary
metabolite precursors in preparation for inducing resistance [66]. For example, the GLV
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cis-3-hexenyl acetate (z3HAC) induces transcriptional changes in poplar [47] and maize
[63] that prime oxylipin signaling and induced resistance. Among the GLVs, z3HAC is a
relatively honest signal because it is released from herbivore-damaged leaves in a
variety of species [65], including tomato [56], maize [63], Arabidopsis [67], and poplar
[47, 68].
Fitness costs incurred by plants exposed to HIPV cues are largely unknown.
Generally speaking, induced resistance by plants against herbivores is a cost-savings
strategy to restrict the deployment of specialized defensive metabolites until necessary
[5, 13]. Inducible resistance, however, generates a period of vulnerability from the time
of attack to the upregulation of resistance [69]. Defense priming via sensory perception
of reliable cues may overcome such a vulnerability. However, priming is also an
inducible phenomenon and theory therefore predicts that activating defense priming
should incur fitness costs that select against maintaining a “primed state” unless HIPVs
are detected [17, 70]. Such fitness costs are predicted to be less severe than would be
costs of induced resistance to actual herbivory. Yet, to date, there is limited
experimental evidence of such a cost with respect to anti-herbivore priming. For
example, wild tobacco (Nicotiana attenuata) exposed to airspace of experimentally
clipped sagebrush produce more seeds (i.e., higher presumptive fitness) than did control
plants [32]. In contrast, 3-pentanol and 2-butanone field treatments enhanced disease
resistance but decrease reproductive output in Cucumis sativa [71], and the non-volatile
priming agent b-amino butyric acid (BABA) reduced seed production in Arabidopsis in a
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dose-dependent manner [72]. Thus, a cost/benefit tradeoff of volatile cue perception in
plants is not yet clear for cues associated with insect herbivory.
Volatile application is a promising pesticide alternative may allow for enhanced
plant performance in agriculture and for conservation [73]. HIPVs clearly influence
interactions among trophic levels and enhance indirect defense [45, 74]. Moreover, the
use of in-field volatile dispensers shows promise as a strategy to enhance plant defenses
indirectly by affecting arthropod communities [75]. However, potential fitness costs
incurred directly by plants to exogenous volatile cues under field conditions will impact
the outcomes of manipulating volatile cues. Current evidence suggests circumstantially
that ecological outcomes of exposure to volatile cues may be dependent on
environmental variation, but to date there has not been a direct test manipulating
multiple plants to a common volatile cue.
Here, I report a common garden field experiment with lima bean (Phaseolus
lunatus variety Fordhook 242) and chili pepper (Capsicum annum var. Cayenne) using a
single volatile cue designed to test the hypothesis that field plants subject to a
persistent dose of a presumably reliable volatile cue incur fitness costs reflected in
reduced growth and reproduction. I treated individuals of both species to repeated lowdose applications of z3HAC and measured their growth, reproduction, and herbivore
damage throughout the growing season. Based on the theory of defense priming [17], I
predicted that exposure to z3HAC—regardless of plant species identity—would reduce
growth and reproductive output, while also reducing in-field herbivory.
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Materials and Methods
Study Site and Plants
A common garden experiment was established on a 54m2 plot within Blackacre
Conservancy’s community garden in Louisville, Kentucky (38°11'33.8"N 85°31'28.3"W;
Appendix 1). The field site was enclosed in a mesh fence to exclude mammalian
herbivores. Phaseolus lunatus, Fabaceae, variety Fordham Hook 242 (‘lima bean’) and
the Capsicum annuum, Solanaceae, variety Cayenne pepper, Joe Red Long (‘pepper’)
were chosen as phylogenetically distinct model plants with previously established
defense profiles [76], both of which are also agriculturally important. Lima bean is an
annual (semelparous) species; pepper is a perennial (iteroparous) species in its native
range (USDA, NRCS, 2018). Seeds were purchased from the Louisville Seed Company
(Louisville, KY, USA), and germinated in Metromix 510© in May 2016 in the Biology
Department’s rooftop greenhouse. After reaching a 20cm height, 132 lima bean plants
were transplanted to the field May 30, 2016, and 98 pepper plants were transplanted to
the field June 28, 2016. While I planned to have an equal sample size, some pepper
plants were lost in transport to the field site. Within the field site, plants were planted in
alternating rows of twos of lima bean and pepper. Plants were spaced one meter apart
from one another in all directions to reduce the influence of neighboring volatile cues
and perception of neighboring vials [77].
Volatile exposure
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Plants were acclimated to the field for one week after planting before volatile
treatments began. To simulate a naturally occurring low dose [78, 79], plants were
exposed to lanolin infused paste equivalent to 10 ng/hr of z3HAC. This concentration is
25% of that which primed poplar [47] and maize [63] previously. A treatment vial
contained 50 mg of a 30 ng/µL z3HAC/lanolin, while a control vial contained 50 mg of
lanolin. Each glass vial had a 9 mm aperture and was maintained at -80ᵒC until use. Each
week, both the z3HAC-infused lanolin vials and lanolin-only controls were placed at the
bottom of their respective plants. Each vial was inverted and supported with a wire
stand and each vial was wrapped in aluminum foil to reduce photo-degradation [75]
(Appendix I). Plants were randomly assigned to either z3HAC treatment (lima bean
n=63; pepper n=35) or lanolin control (lima bean n=72; pepper n=43) and resulted in
uneven survival counts. The unit of replication was an individual plant and each plant
received its own vial. Random assignment of treatments was made using blocks of 4
adjacent plants; block was included as a random factor in statistical models, and was not
a significant factor in any of the models.
Growth, biomass, and reproduction measurements
I measured height and total leaf counts three to four times during the field
season on the experimental plants. Leaves were only counted if they were wider than 2
cm across for both species while height measurements for both species were recorded
from the base of the plant to the uppermost branching point. For lima bean, height was
determined by measuring the longest runner within the bush, while pepper plants were
measured from the base of the main stalk to the highest branching point. Along with
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height, the total number of leaves per plant was measured three times during the field
season. A complete biomass harvest was conducted on pepper for leaves, fruits, roots,
and stems at the end of the field season. All leaves and fruits were separated into paper
bags before individual plants were extracted from of the ground. After removal, roots
and stems were separated, roots were washed with water to remove dirt, and placed
into separate paper bags. All materials were dried at 60°C for 24 hours and then
weighed. A biomass harvest for lima bean was not performed because an Epliachna
varivestis (Mexican Bean Beetle) outbreak late in the season removed much of the leaf
tissue before I could determine reliable biomass measurements.
As proxies for reproductive fitness, I measured initial flower bud, flower and fruit
onset as well as total flower and fruit production. Flowers were recorded if they were
true flowers with fully mature pistils and stamen. If a flower was not fully mature, it was
recorded as a flower bud. Fruits were recorded as soon as fruit development was
observed with either initial pod or exocarp development. Fruit and flower counts per
plant were recorded along with the number of mature and immature fruits three times
throughout the field season with three to four weeks between measurements.
From the fruits harvested from the final biomass harvest, ~10 randomly selected,
mature fruits from each pepper plant were chosen for seed count analysis from the 188
fruits from z3HAC-treated plants and 210 fruits from controls. Although I observed
differences in fruit production between treatments, I randomly selected fruits for
analysis to ensure the sample size was the same. Dried fruits were dissected with a
scalpel and all seeds were isolated and counted.
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Herbivory
Since previous work has shown that z3HAC enhances induced defense against
herbivores through defense priming [47, 80], I monitored herbivory throughout the
season. Leaf chewing damage was assessed for both pepper and lima bean as percent
leaf area removed (LAR) using a visual estimation technique [81, 82] with the following
damage categories: 0%, 0-5%, 5-15%, 15-30%, 30-50%, 50-70%, 70-90%, and >90%. For
each damage assessment, every leaf on a plant was categorized into one of the damage
categories, and an overall percent damage was determined by averaging the midpoints
from each damage category by the total number of leaves within each damage category.
Plants were also routinely monitored for the presence of naturally occurring chewing
and piercing/sucking herbivores. In particular, I noted a natural occurrence of the black
bean aphid (Aphis faba), and recorded its presence/absence on lima bean plants in the
field.
Statistical analyses
All statistical analyses were performed in R with the lme4 and multcomp
packages (version 3.4.2)[83]. Growth data, such as plant height, leaf area removed, and
flower counts, were analyzed using repeated measures ANOVA with the aov function
with a Gaussian distribution.
For repeated measures analyses, such as floral bud investment, I treated date as
a within-subjects effect and treatment as a between-subjects effect for all analyses. If
the repeated measures ANOVAs were significant, I followed up the analyses with oneway ANOVAs at each time point. For remaining responses, such as biomass data, were
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analyzed using one-way ANOVA (glmer in R). If ANOVA results were significant, I
followed these analyses with Tukey’s post hoc comparisons.

Results
Treatment with z3HAC differentially affected the growth of lima bean and
pepper plants. On average, z3HAC-treated lima bean grew 11% taller compared to
control plants throughout the field season (Fig.1a) and produced 17% more leaves
overall than did controls (Fig.1b). In contrast, z3HAC-treated pepper plants were 12%
shorter relative to controls (Fig.1c) and produced 23% fewer leaves over the field season
(Fig.1d). Consistent with height and leaf counts, z3HAC treatment reduced overall
biomass of pepper plants by 24% on average. I destructively harvested all pepper plant
biomass at the end of the season. z3HAC-treated pepper plants had lower leaf, stem,
and root dry biomass by 21%, 31%, and 29%, respectively (Fig.2a-c). Despite these
z3HAC-mediated effects on biomass exposure, the aboveground-to-belowground
biomass ratio was similar regardless of treatment (Fig. 2d). That is, pepper plants
treated with z3HAC were smaller relative to control plants.
z3HAC treatment also differentially affected reproductive output between the
two species, and lowered fruit output in pepper. Flower production was 30% higher in
lima bean plants exposed to z3HAC (Fig.3a), while z3HAC-treated peppers produced 37%
fewer flowers relative to control plants (Fig.3b). z3HAC-treated pepper plants also
produced 23% fewer fruits overall relative to controls (Fig.4a), and the fruits that were
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produced by z3HAC-treated plants had lower wet and dry masses (Fig.4b-c), and 10%
lower total seed counts (Fig.4d) and total seed masses (Fig.4e), relative to controls. Even
though total fruit and seed production was reduced by z3HAC treatment, the ratio of
seed mass to fruit mass was similar between z3HAC-treated and control plants (Fig.4f).
Moreover, the estimated mass of an individual seed was similar between z3HAC-treated
plants and controls in pepper (Appendix I). There was no apparent difference in lima
bean pod production (Appendix I). However, an unexpected field-wide premature pod
drop (independent of treatment) prevented us from determining lima bean seed
production with confidence.
z3HAC exposure reduced natural herbivory in lima bean but not pepper plants.
Chewing herbivory on pepper plants was low throughout the season and statistically
higher in z3HAC-treated plants; however, this effect was driven by only the first
assessment date (Fig.5a). In contrast, chewing damage to lima bean leaves increased as
the field season progressed, with z3HAC-treated plants having overall 26% less chewing
damage than did control plants (Fig.5b). In addition to chewing herbivory, black bean
aphids (Aphis faba) colonized 87% of the z3HAC-treated lima bean plants, compared
with only 21% of control plants (Fig.5c). A. faba colonized early in the season and was
only observed June 15-31 (Julian dates 166-181) because a heavy rainfall event reduced
their population to undetectable levels. Piercing/sucking herbivores were rare for the
remainder of the experiment.
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Discussion
I show that a persistent, low-dose application of z3HAC differentially affects
growth and reproduction in two important agricultural plants in field conditions. Based
on previous work on plant defense priming and sensory perception of volatiles [49, 63], I
hypothesized z3HAC application would decrease growth and reproductive fitness in
both plant species. The rationale for this hypothesis was a central assumption of
induced resistance theory that ecological costs modulate the deployment of particular
defensive phenotypes until necessary [15, 84]. Volatile-mediated priming, even if
regulated by a different mechanism from resistance [85], is an inducible phenomenon
that should incur such fitness costs. Yet, our results clearly indicate that pepper and
lima bean had divergent fitness outcomes when subjected to a single GLV under
identical field conditions.
Differences in life history traits among plant species may influence the outcome
of defense priming. Under significant herbivore stress, short-lived semelparous (annual)
species may invest more into reproductive output when exposed to herbivory [86],
whereas iteroparous (perennial) species may reserve resources for growth and
reproduction for times when herbivores are absent [87, 88]. Additionally, annuals may
optimize reproductive output over seed quality to increase progeny success, where
perennials may do the opposite [89, 90]. It is plausible that herbivore-associated cues
such as z3HAC may induce similar divergent fitness effects between annual and
perennial species as those induced by herbivory. Previous work on the role of HIPVs in
plant anti-herbivore resistance focused on priming-mediated defense with consistent
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results between annual and perennial species: wheat [80, 91], corn [54, 78], lima bean
[50, 53, 92], tomato [93], blueberry [57], sagebrush [31], and poplar [47] all show
evidence of defense priming and enhanced resistance. In contrast, I specifically focused
on indicators of plant fitness in a semelparous species (lima bean) and an iteroparous
species (pepper) in a common garden array. Consistent with effects observed with
direct herbivory, z3HAC treatment alone increased growth and flowering in lima bean,
while reducing growth and reproductive output in pepper. Divergent fitness effects from
exposure to a single ubiquitous herbivore-associated cue indicate functional similarity in
the mechanisms by which annual and perennial plants modulate responses to herbivory
as well as volatile indicators of herbivory.
Resource allocation between different tissues is pivotal for growth,
reproduction, and defense, and can be influenced by environmental stress. For example,
direct herbivory alters resource allocation between aboveground tissue and
belowground tissue [82, 94, 95], as does application of the anti-herbivore
phytohormone jasmonic acid [96, 97]. Volatile cues can also affect biomass allocation.
For example, barley exposed to volatiles from unwounded neighboring plants of
different cultivars increases root and leaf biomass [98], while exposure to volatiles
decreases aboveground biomass in other systems [7, 99]. In our case, volatile treatment
reduced overall aboveground and belowground biomass in pepper, but did not appear
to alter overall biomass allocation patterns. In other words, z3HAC-treated pepper
plants were smaller overall, and therefore produced fewer seeds.
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Flower and fruit production is a key component of plant fitness potential. I
showed that z3HAC treatment alone differentially affected flower production in lima
bean and pepper. Insect herbivory can increase or decrease floral production
depending on the system and environmental conditions [100-102]. Whereas increased
flower production is a strategy assumed to ameliorate fitness losses in the presence of
an environmental stress [103, 104], decreased flower production may be related to
costs of chemically mediated defense [105]. Additionally, herbivory affects floral
attractiveness [106, 107], which may ultimately influence fitness [108]. Our data
indicate that a volatile cue alone is sufficient to trigger changes in floral biology, but the
magnitude and direction of those changes are plant species-specific. Additionally,
z3HAC-treated pepper produced fewer fruits but lima bean did not. The mechanisms
underlying z3HAC-mediated effects on flower and fruit production are unknown, but
may be similar to those induced by herbivory [100].
Application of an exogenous volatile may impact ecological communities in both
expected and pleiotropic ways. HIPVs are well-established mediators of multitrophic
antagonistic and mutualistic interactions [109-111], and manipulations of chemical
signals and volatile blends have been used for biological control in a wide range of
systems [73, 112]. For example, HIPV-infused sticky traps in a grape (Vitis vinifera)
orchard differentially attracted lacewings, hoverflies, and parasitoids [113]. Exogenous
GLV manipulation using “dispensers” under field conditions altered the arthropod
community composition in maize [75]. In our study, A. faba were clearly and
unexpectedly attracted to z3HAC-exposed plants (Fig. 5). Under glasshouse conditions,
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A.faba were repelled by z3HAC alone [114], which suggests that the cue that mediated
attraction was not our treatment alone. It is tempting to speculate that aphid attraction
combined with reduced chewing herbivory in lima bean may be reflective of z3HAC
effects on Jasmonic Acid (JA) and Salicylic Acid (SA) signaling, which would be consistent
with a JA-SA tradeoff [4, 115]. Ultimately, however, the utility of GLVs in field
applications will depend on understanding community-level effects of the application.
Volatile identity, concentration, and duration may affect the reliability of a cue.
Plants experiencing insect herbivory frequently generate species-specific blends of
volatile compounds [29, 116], which can influence fitness in neighboring plants [40, 117,
118]. Plant-derived compounds associated with herbivory include GLVs [47, 54, 99],
phenylpropanoid derivatives [55] , and terpenes [119]. However, individual compounds
within a blend can affect plant defense and priming as much as the blend. GLVs are
particularly reliable herbivore-associated cues because they are shared among a variety
of species [29] and are released by wounded plant material [65]. z3HAC was used in this
study because it is released primarily from herbivore-damaged leaves [63] and has a
demonstrated priming ability [47]. Additionally, concentration of a cue influences
resistance [99]. For example, a repeated, low-dose exposure to a GLV enhances plant
resistance compared to a single application [79]. For these reasons, I chose to use a
relatively persistent, low-dose exposure to z3HAC of 10 ng/hr (25% of the concentration
that primed poplar [47] and maize [63]), that resulted in differential fitness effects
between lima and pepper.
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In summary, our key finding is that persistent application of a low dose of a
single volatile compound z3HAC, a common HIPV and GLV, in field conditions leads to
divergent growth and reproductive fitness effects between two plant species with
different life histories. HIPVs have the potential to impact agricultural and conservation
practices. However, the utility of plant-derived HIPVs in enhancing plant defense will
depend on understanding how plant life history, physiology, and other ecological factors
influence whether a target plant will benefit from the HIPVs or not.
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Figure 1. Height measurements and leaf counts for Phaseolus lunatus (lima bean) and
Capsicum annuum (pepper) grown in a common garden field experiment. Height for
(a) lima bean and pepper (c). Leaf counts for (b) lima bean and (d) pepper included all
mature leaves on each plant. Open circles represent control plants (receiving lanolinfilled vials); filled squares represent persistent application of 10 ng/hr cis-3-hexenyl
acetate (z3HAC) dissolved in lanolin. Dropdown lines indicate the initial application of
z3HAC treatment: lima bean and pepper plants were first exposed on June 10, 2016
(Julian date 161) and July 11, 2016 (Julian date 192), respectively. Points represent
averages +/- SE. Repeated measures ANOVAs (aov in R) were followed by post-hoc oneway ANOVAs at each time-point. Asterisks (*) represent P<0.05 between treatment and
control at a given time point.
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Figure 2: Biomass measurements of field-grown Capsicum annuum (pepper) plants. (a)
Leaf, (b) stem, (c) root biomass, and (d) the aboveground:belowground biomass ratio in
C.annuum plants were determined at the end of the field season following destructive
harvest. Box plots represent the raw data ranging from the upper to the lower
quartiles and the median. Error bars represent the 5% and 95% Confidence intervals of
the data, and individual dots are observations that fell outside of those parameters. Pvalues represent Tukey’s HSD comparisons.
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Figure 3: Total flower production in (a) Phaseolus lunatus (lima bean) and (b) Capsicum
annuum (pepper). Open circles represent control plants (receiving lanolin-only vials);
filled squares represent plants receiving a persistent application of vials containing 10
ng/hr cis-3-hexenyl acetate (z3HAC) dissolved in lanolin. Dropdown lines indicate the
initial application of z3HAC treatment: lima bean and pepper plants were first exposed
on June 10, 2016 (Julian date 161) and July 11, 2016 (Julian date 192), respectively.
Points represent averages +/- SE. Repeated measures ANOVAs (aov in R) were followed
by one-way ANOVAs at each time-point. Asterisks (*) represent P<0.05 between
treatment and control at each time point.
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Figure 4: Fruit and seed production in Capsicum annuum (pepper) plants grown in a
common garden experiment treated with a persistent application of the green leaf
volatile cis-3-hexenyl acetate (z3HAC). The (a) total number of fruits were counted in
the field, and (b) wet and (c) dry masses fruit masses were determined in the lab. (d)
The total number of seeds per fruit and (e) the estimated mass per seed were
determined from a subset of the fruits produced. (f) The ratio of seed mass to fruit
mass was calculated to assess the efficiency of seed production. Box plots represent the
raw data ranging from the upper to the lower quartiles and the median. White boxes
represent control plants; gray boxes represent plants treated with z3HAC. Error bars
represent the 5% and 95% confidence intervals and individual dots are observations that
fell outside of those parameters. P-values represent Tukey’s HSD comparisons.
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Figure 5: Herbivore damage on Capsicum annuum (pepper) and Phaseolus lunatus
(lima bean) plants in a common garden field experiment. Chewing damage on (a)
pepper and (b) lima bean plants were quantified overtime (see methods). Open circles
represent control plants (receiving lanolin-filled vials); filled squares represent
persistent application 10ng/hr cis-3-hexenyl acetate (z3HAC) dissolved in lanolin.
Dropdown lines indicate the initial application of z3HAC treatment. Points represent
averages +/- SE. Repeated measures ANOVAs (aov in R) were followed by one-way
ANOVAs at each time-point. Asterisks (*) represent P<0.05 between treatment and
control at each time point. (c) Aphis faba colonization on lima bean plants. Bars
represent the percentage of plants in each group where A.faba were observed (c2 =
50.11, df=1, P<0.001).
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CHAPTER III
GROWTH-DEFENSE TRADEOFFS OF EAVESDROPPING ARE AFFECTED BY DURATION OF
EXPOSURE TO A GREEN-LEAF VOLATILE
Summary
Green-Leaf Volatiles (GLVs) are a class of herbivore-induced plant volatiles that
are ubiquitously-released chemical signals in plants following herbivory. These signals
are reliable cues for neighboring plant defense priming against herbivory, but are often
associated with fitness costs for eavesdropping plants. Since GLV duration corresponds
to timing and severity of herbivory, eavesdropping costs should be affected by GLV
duration. Specifically, continuous GLV exposure is expected to result in increased
investment towards defense and away from growth, while short-term GLV exposure
should have little effect on growth while still increasing defense. I tested these
predictions in a field experiment, exposing Phaseolus lunatus to one of five volatile
treatments involving the GLV cis-3-hexenyl acetate (z3HAC): either continuous exposure
for 120 days, a single 1 week pulse (Transient) starting at day 30, 60, or 90 of the
experiment, or a weekly 24 hour exposure (Pulsed). I found that continuous and pulsed
exposure to z3HAC increased biomass, while transient treatments had no effect on plant
biomass or reproductive output. Interestingly, I found no effect of z3HAC exposure on
in-field defense metrics, such as quantifiable cyanide and leaf-area removed. While I
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initially predicted a direct correlation between growth and defense, growth-defense
tradeoffs may be more nuanced than initially predicted.
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Introduction
Green-Leaf Volatiles (GLVs) are C6 fatty acid derivatives that are ubiquitously
released in plants following herbivory and are a class of herbivore-induced plant
volatiles [24]. Numerous studies have demonstrated that GLV exposure generates
molecular [47, 54, 120] and chemical changes [121] in plants that result in enhanced
resistance profiles relative to unexposed plants [16, 40, 50, 122]. However, such
inducible defenses are often associated with fitness costs [17, 69, 123]. While extensive
work has been conducted to assess costs of induced defense, little work has been
conducted to date to assess costs related to GLV-mediated eavesdropping.
Since GLV emissions reflect stress experienced by an emitting plant [124], the
benefits and costs of eavesdropping may vary with duration of GLV exposure.
Herbivores in natural systems range in seasonality, density, frequency and feeding
intensity, consequently impacting GLV emissions and potential fitness effects for
eavesdroppers. This is especially true in agricultural crops such as lima bean, where
different herbivores are present throughout the field season. For example, the Mexican
bean beetle is a voracious pest that undergoes multiple, asynchronous generation cycles
within a field season [125], resulting in a continuous release of GLVs from damaged
plants. Conversely, lepidopterans such as Spodoptera exigua and Spilosoma virginica
may have only 2-3 generations per season, with caterpillars feeding gregariously on
leaves for only one to two weeks over thirty days [126-128], generating periodic but
intense GLV bursts. Still other herbivores, such as Aphis faba, feed temporarily early on
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in the season on lima bean before host switching [129]. Therefore, perceived risk in an
eavesdropping plant affects costs and can be related to duration of exposure to a cue.
For example, eavesdropping on transient herbivore oviposition cues resulted in
increased reproductive output in eavesdropping Brassica sp. [130] while exposure to
cues due to continuous herbivory by specialists resulted in altered rhizome growth in
goldenrod [131]. Since differences in herbivore feeding frequency, and consequent
volatile duration, can indicate severity of herbivory, volatile duration may have
significant implications for the costs of eavesdropping [9, 70].
In this study, I examined how timing and duration of plant exposure to the GLV
cis-3-hexenyl acetate (z3HAC) affected growth, reproduction, chemical defenses, and
herbivory in Phaseolus lunatus (Lima bean). I expected that continuous z3HAC exposure
would incur greater net fitness benefits by increasing induced defenses and defensive
priming responses (ability of plants to quickly respond to herbivory) thereby reducing
herbivory at the cost of reduced vegetative growth. Additionally, I expected that short
periods of exposure to GLVs would incur little to no fitness affects [123] while conferring
enhanced defense profiles via cyanogenic potential.

Materials and methods
Experimental Design
To determine if GLV exposure alone would influence long term fitness and
defense priming in plants, I exposed P. lunatus plants to five different GLV exposure
regimens that differed in timing and duration (Fig. 6) within a common garden

29

experiment during the 2017 growing season (May-Aug). In May 2017, 435 plants were
started in the greenhouse at the University of Louisville and when 14 d old, were
transplanted in a 950 m2 area within the community garden at Blackacre Conservancy in
Louisville, KY, USA (38.2N, -85.7W). Plants were placed 1 m apart in all directions to
reduce interplant communication [50, 77]. Each plant was randomly assigned to one of
five specific GLV treatments, described below. Additionally, plants were assigned
biomass harvest dates at either 40, 70, or 100 d post-treatment.
I selected the GLV compound cis-3-hexenyl acetate (z3HAC) for this experiment
as it is released during herbivory in P. lunatus, making it a reliable, honest signal. For
example, spider mite damage increased z3HAC emissions by 100% relative to controls
under greenhouse conditions [132] while simulated chewing damage and
phytohormone application also increased z3HAC emissions [59, 133]. z3HAC was
administered using amber vials filled with a lanolin paste [75, 134]. Additionally, all vials
were weighed, numbered, and tracked throughout the field season to ensure consistent
volatile administration similarly to chapter 2. For the continuous exposure treatment,
z3HAC-infused lanolin vials were replaced weekly throughout the experiment to
maintain a consistent ~10 ng h-1 emission rate. Pulsed exposure plants were exposed to
a 24 h dose of z3HAC on a weekly basis followed by 6 d of control (lanolin without
z3HAC) vials until they were harvested, while transient exposure plants involved z3HAC
exposure for one week, with control vials during the rest of the season. Three separate
weeklong transient z3HAC exposures at 30, 60, or 90 d after initial introduction were
applied within the field site. Control treatments involved vials with pure lanolin were
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placed at the base of each plant throughout the field season (Fig. 6). During our initial
analyses, I found that timing of the transient treatment had no effect on our observed
results. Therefore, data from all transient treatment plants, regardless of exposure
timing, were combined for further analyses and presented below.
Response measurements
Biomass: As an approximate measure for overall growth, I scheduled destructive
biomass harvest dates throughout the field season. Plants were randomly assigned a
destructive harvest date at 40, 70, or 100 d after experiment initiation, which
corresponded to biomass harvest dates occurring 10 d after each transient exposure to
control for time of collection across our treatments and to account for transient effects
on metabolite profiles in leaf collections [79]. Harvested plants were uprooted and
placed into large brown paper bags and returned to the lab for separation by tissue
type. Plants were separated into leaf, stem, fruit, and root tissue. Root tissue was hand
washed in water to remove all dirt before drying and all plant materials were dried at
60°C for 24 h before weighing.
Reproduction: Floral bud and flower counts were initiated when they were first
observed in the field. For floral buds, these counts occurred on days 4, 25, and 69, while
flowers were counted on days 5, 42, and 80. Fruit counts were conducted three times
on days 30, 60, and 90. For each census, 100 plants were randomly selected and all
flower buds > 0.2cm in length, all mature flowers (with pollen present), and all pods >
1cm in length were counted.
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Defense priming response: Defense priming is defined as an organism’s ability to
respond more quickly and aggressively upon exposure to a stress stimulus after previous
exposure to a signal or cue (aka eavesdropping) [16]. To quantify priming in our
experiment, I expected that previous exposure to z3HAC would result in increased
defense induction when directly damaged by an herbivore compared to a plant that was
directly damaged by an herbivore without previous z3HAC exposure. I generated an
induced defense response [16, 17, 123, 135] by applying Spodoptera exigua oral
secretion (OS) + mechanical damage. Spodoptera exigua is a common generalist
herbivore and its oral secretions are often used to initiate defense induction [136] and it
is a known herbivore on lima bean [137]. I tagged one photosynthetically mature leaf
per plant [78] in July from ~150 plants. While these leaves were still on the plant, I
wounded these leaves by crushing ~20% of the leaf area with pliers and then applying
10uL of a 1:4 S.exigua OS : water solution to damaged areas [138, 139]. I collected
damaged leaves 24 h later along with nearby undamaged leaves on the same plant for
controls. Then leaves were flash frozen in liquid nitrogen and stored at -80°C prior to
powdering and lyophilization.
After lyophilization, I analyzed cyanogenic potential to assess defense priming.
Since cyanogenic potential is a putative defense mechanism in Lima bean [140, 141], I
expected to see differences in consequent induction profiles. In our case, if z3HAC acted
as a priming agent, then I would expect to see increased cyanogenic potential in z3HAC
plants that were consequently damaged compared to solely wounded leaves. A smallscale cyanide colorometric quantification was modified from Gleadow et al. (2011) for
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rapid quantification of total cyanide [134, 142]. Briefly, 5 mg of lyophilized tissue was
weighed and placed into 2.0 mL centrifuge tubes and placed on ice. Once all the samples
were on ice, 200 µL of cold citrate buffer (0.1 M, pH 5.5-6.5) and a 200 µL vial glass
insert (Agilent part number 5183-2090) with 1.0M NaOH was placed inside the 2 mL
tube before capping. After a 15-hour incubation at 37°C, 30 µL of the 0.1 M solution was
added in triplicate in a 96 well plate followed by 30 µL 0.5 M acetic acid, 75 µL of
reagent a (5.0x10-3 g ml-1 succinimide, 5.0x10-4 g ml-1 n-chlorosuccinimide) and 30 µL of
reagent b (0.03 g mL-1 barbituric acid, 30% pyridine deionized water). Concentration was
calculated by comparing absorbance values at 580 nm to our standard curve ranging
from 0-3000 µmol of cyanide.
Herbivore damage: Along with cyanogenic potential, I monitored in-field
resistance to herbivory as a defense metric. This metric was included to account for realtime herbivore preference and performance. To assess in-field herbivory, I monitored
leaf area lost (LAR) at 30, 60, or 90 d on a rotating subset of plants in the experiment.
During each collection date, I collected data from 20 randomly selected plants per
treatment. I randomly selected 50 leaves per plant and classified each leaf into the
following damage categories: 0%, 0-5%, 5-15%, 15-30%, 30-50%, 50-70%, 70-90%, and
>90% damage. I then calculated the average damage level from the midpoint of each
category for a given leaf to give one LAR value per plant [143].
Statistical analyses
Analyses were conducted in R studio version 1.2.1335 with base r version Arbor
Day [83] using the lme4, multcomp, and tidyr packages [144, 145]. I used one-factor
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ANOVAs followed by Tukey’s posthoc tests at each sampling date to compare
differences in reproduction, defense, biomass, and herbivory across z3HAC exposure
treatments. I could not conduct repeated measures ANOVAs on these data sets since a
subset of plants was used on different sampling dates. All response variables were
checked for normality and log-transformed as necessary to meet model assumptions.
Results
Growth and Reproduction: Overall biomass was the highest 70 days after the
start of the experiment with continuous and pulsed exposure to z3HAC resulting in the
greatest investment in overall biomass, while transient exposure had no overall effect
on total biomass (Fig. 7, Table 1). Interestingly, different parts of the plant were
influenced by z3HAC exposure treatments (Fig. 7, Table 1). While leaf and root biomass
were not affected z3HAC exposure (Fig. 7a and 7c), continuous and pulsed exposure
treatments resulted in increased stem biomass at both mid- and late-season dates (Fig.
7b). Although, z3HAC exposure increased biomass, z3HAC exposure had no effect on infield reproductive output (Fig. 8, Table 1).
Defenses: Cyanogenic potential was not significantly impacted by z3HAC
exposure treatments (Fig. 9a, Table 1). Additionally, I found no differences in in-field
herbivory due to z3HAC exposure (Fig. 9b, Table 1), though in-field herbivore damage
increased throughout the field season, with 30-40% LAR towards the middle and end of
the field season.
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Discussion
This is one of the first studies to show that timing and duration of plant exposure
to a single GLV can affect growth-defense tradeoffs under field conditions, but not
necessarily in the ways I predicted. I showed that transient z3HAC exposure does not
have significant effects on overall growth, while continuous and pulsed exposure
significantly increases, rather than decreases, vegetative growth in P.lunatus.
Additionally, pulsed z3HAC exposure increased stem biomass along with continuous
exposure to z3HAC. However, reproduction ultimately was not affected by any exposure
to z3HAC. These results are surprising based on our previous work with z3HAC in
chapter 2 [134]. Specifically, I predicted that short z3HAC duration would have negligible
effects on growth, while increased z3HAC exposure would incur significant growth costs
under field conditions, as shown in other annual crops like corn [146, 147]. However,
this is not universal. For example, seeds of Medicago trunculata exposed to z3HAC
showed increased growth, similar to our results in chapter 2 [148]. Our findings may be
due to the fact that lima bean exhibits compensatory growth in response to herbivory
[149] and alterations in growth patterns are species-specific.
What is notable about this work is that I observed compensatory growth in
eavesdropping plants. Overcompensation can occur at different life history stages [150,
151], and annual plants like lima bean have evolved to invest more heavily in overall
growth compared to defense [87, 152, 153]. Overcompensation as a tolerance
mechanism is widespread in response to herbivory [154] and within environments with
high herbivore pressure, compensatory growth may be a more adaptive response
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relative to investment in costly chemical defenses. Previous work has shown that
extensive herbivore damage can increase flowering, seed production, and overall
growth in a wide variety of plants [86, 103, 150, 155]. To my knowledge, evidence for
compensatory vegetative growth after exposure to volatile cues has only been
documented in this study in lima bean and in one study on sagebrush [156].
Conversely, GLV exposure had no effect on plant defense priming, at least when
measured as cyanogenic potential. While increased overall growth may reflect the
response to “escape” under direct herbivore pressure [157], I predicted that it may be
worthwhile to invest in defense rather than compensatory growth under shorter z3HAC
duration treatments compared to a continuous exposure. Therefore, the lack of
differences in cyanogenic potential that I observed may be related to the cost of cyanide
production itself and how cyanogenesis is prioritized within a plant. In lima bean,
cyanogenesis is an energetically expensive defense response [158, 159] that is often
restricted to essential organs, such as young leaves and flowers, to reduce costs [76,
160]. When I collected leaves for analysis in July, in-field herbivore damage was
beginning to reach severe levels (between 20- 25%), mostly likely due to the increased
presences of the lima bean specialist Epilachna varivestis which were the dominant
herbivores in our field site (personal observations). As a result of this infestation, I
preferentially collected photosynthetically mature leaves since they were readily
available and not decimated by E.varivestis larva [76]. In the previous chapter,
differences in cyanogenic potential were only found in young “sink” leaves while
photosynthetically mature leaves were unaffected by z3HAC (Appendix 1). As a result of
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available leaf materials, I was unable to observe tradeoffs in our leaf samples and reflect
within-plant prioritization. Additionally, cyanide-related defenses are efficient
deterrents against generalist herbivores while they are less effective at deterring
specialists such as Epilachna varivestis [159]. Since plant populations can drastically
modify the presence of defense in response to changing herbivore pressure within and
across generations [15, 161, 162], it may have been more adaptive in this case to invest
more strongly in growth rather than defense in mature leaves since herbivore pressure
was so strong.
While I expected to find a direct effect of GLV duration on growth-defense
tradeoffs, I instead found evidence for compensatory growth in response to exposure to
z3HAC. This may have occurred because compensatory growth in itself is a tradeoff in
the constant presence of herbivores [70]. While short-term GLV exposure had relatively
little effects on growth and reproduction, continuous GLV exposure enhanced growth
with no obvious fitness tradeoffs. These results indicate that growth-defense tradeoffs
may be more nuanced than often predicted, and defense priming itself may be
independent of fitness costs. The pulsed and transient treatments reflected more
common types of herbivore pressure, while our continuous treatment represented an
ecological extreme. Therefore, future studies should investigate other factors related to
eavesdropping, such as herbivore identity on an emitting plant and synergistic effects of
multiple cues on the costs of eavesdropping.
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Table 1: Summary statistics for growth and defense metrics for P.lunatus. One-way
ANOVAs were conducted at each time point for biomass, reproduction, and defense
measures. Significant differences (P<0.05) are in bold.
Leaf Biomass
F
p

df
Date 1
z3 HAC
treatment
Date 2
z3 HAC
treatment
Date 3
z3 HAC
treatment

Stem Biomass
F
p

df

0.2096

0.8894

3, 68

2.3004

0.08503

3, 71

0.4361

0.7278

3, 80

0.1768

0.9118

3, 69

1.6735

0.1807

3, 59

2.8577

0.04456

3, 55

0.2975

0.8271

3, 34

3.2189

0.03478

0.2414

3, 153

2.912

0.03635

3, 131

2.1422

0.09799

3, 146

1.4119
Bud count

df

F

p

Flower count
F
p

df

2.1933

Pod count
df

F

0.09134

LAR 1
p

df

F

p

3, 405

0.8458

0.4694

3, 333

0.7421

0.5276

3, 392

2.222

0.08511

3, 400

0.1302

0.9421

3, 392

1.1021

0.3481

3, 90

1.1954

0.3161

3, 74

0.2712

0.846

3, 94

0.452

0.7165

1.6457

0.1859

3, 70

0.1316

0.9409

3, 53

0.8767

0.4591

3, 66

0.5273

0.6651

3, 76

Cyanide
df
Date 1
z3 HAC
treatment

Total Biomass
F
p

df

3, 70

3, 155

Date 1
z3 HAC
treatment
Date 2
z3 HAC
treatment
Date 3
z3 HAC
treatment

Root Biomass
F
p

df

F
7, 108

p
0.7101

0.6635
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Figure 6. Volatile administration setup. Each rectangle represents a week-long
exposure to 1680 ng z3HAC (blue), a 24-hour exposure (orange) or exposure to a control
lanolin only vial (white). Continuous exposure plants were given a vial every week
throughout the summer while pulsed treatment plants were given a 24-hour dose at the
beginning of each week. Transient exposure plants were given a week long z3HAC dose
at 4, 8, or 12 weeks after the start of the experiment.
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A

A

B

B

(d)
A

B

Days post sowing

Figure 7. Volatile duration differentially affects Leaf (a), stem (b), root (c), and total (d)
biomass in P.lunatus. One-way ANOVAs were completed at each time point and
differences between treatments are denoted with letters. Open circles represent plants
exposed to lanolin controls, open squares represent transient exposure plants, closed
circles represent pulsed treatment plants, and closed triangles represent continuous
exposure plants. Each point represents averages +/- SE. See table 1 for summary
statistics.
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Days post sowing

Figure 8. Volatile exposure type does not affect reproductive structures and output in
P.lunatus. Bud (a), flower (b), and fruit (c) counts were measured as outlined in
Methods. z3HAC was introduced on June 1 for P.lunatus. One-way ANOVAs were
completed at each time point. Open circles represent plants exposed to lanolin controls,
open squares represent transient exposure plants, closed circles represent pulsed
treatment plants, and closed triangles represent continuous exposure plants. Each point
represents averages +/- SE. See table 1 for summary statistics.
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Log( µ mol cyanide/mg
Figure 9. z3HAC exposure duration does not impact cyanide induction (a) or chewing
herbivore resistance in the field (b). In part a, designated plants were either left as
undamaged controls (black bars) or induced with a mechanical wounding treatment
with 1:4 S.exigua oral secretion treatment (grey bars). One-way ANOVAs were
conducted at each time point. See table 1 for summary statistics.
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CHAPTER IV
HERBIVORE IDENTITY HAS INDIRECT FITNESS EFFECTS VIA HERBIVORE-INDUCED
PLANT VOLATILES IN P.LUNATUS UNDER FIELD CONDITIONS
Summary
Herbivore-induced plant volatiles (HIPVs) are reliable cues for eavesdropping because
they accurately predict herbivore identity and the degree of damage experienced by a
plant. Eavesdroppers prepare defense mechanisms in anticipation of herbivory,
resulting in more defenses upon herbivory via Defense Priming (DP). While recent
studies have shown that HIPV exposure can alter growth patterns in eavesdropping
plants, little is known about interacting factors that may influence the costs of
eavesdropping. To determine if costs of eavesdropping vary by herbivore identity and
emitting plant identity, I experimentally manipulated emitter and eavesdropper plant
identity using two cultivars of lima bean, Henderson and Fordhook, within a common
garden experiment. Emitter plants were either left undamaged, damaged by the
generalist herbivore Spodoptera exigua, or damaged by the legume specialist herbivore
Anticarsia gemmatalis throughout the field season. To assess costs of eavesdropping, I
recorded overall growth and in-field defense metrics in the undamaged eavesdroppers.
Counter to the original prediction, eavesdropping had little effects on growth and direct
defense, while indirect defenses were significantly impacted by neighboring herbivore
identity. Specifically, eavesdropping on A. gemmatalis HIPVs resulted in reduced extra-
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floral nectary production in neighboring eavesdropping plants while there was no effect
on cyanogenic potential and in-field herbivore resistance. Additionally, neighboring
plant identity influenced overall biomass, but not plant defense responses. These results
indicate that contextual information provided by HIPVs can differentially affect growth
and defense profiles of an eavesdropping plant. These results suggest that HIPVs can be
an effective pesticide alternative within intercropping systems.
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Introduction
Eavesdropping is defined as an organism’s ability to utilize cues that were
intended for another target for their own benefit [163, 164]. Plants often eavesdrop on
herbivore-induced plant volatiles (HIPVs) produced by nearby plants because they
accurately portray stress experienced by the plant emitting the volatile signals [165] and
potential risk for herbivory, such as neighboring herbivore identity [30, 166], the extent
of herbivore damage [61, 167], and the likelihood of multiple herbivore attack [168170]. As a result of eavesdropping, plants can preemptively allocate resources towards
defense that result in enhanced herbivore resistance relative to naïve plants via defense
priming (DP) [26, 171, 172]. While eavesdropping and consequent DP are well
documented [17, 24, 173, 174], little is known about what factors influence an
eavesdropping plant’s sensitivity and responses to HIPVs. Since eavesdropping results in
enhanced defense profiles upon herbivory, this indicates that DP is an inducible
response and that eavesdropping alone is predicted to incur costs [17, 123].
Eavesdropping occurs in a wide variety of species including sagebrush [156], tobacco
[32], black mustard, wild cabbage, and barley [98, 130]. Therefore, the ability to
selectively respond to honest signals is vital to maximize plant fitness, balancing DP with
growth and reproduction. However, we collectively know very little as to which
environmental factors dictate when an eavesdropping plant utilizes a signal from a
neighboring plant.
Neighboring herbivore identity is one factor that may impact eavesdropping
costs for plants. Herbivore identity, feeding specialization, feeding guild, feeding
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location, and life history have significant impacts on plant fitness via inducible defenses
[157, 175]. Plants and herbivores are in a constant arms race in which plants increase
defenses against herbivores while herbivores adapt and develop new strategies for
mitigating plant defense. As a result of this antagonism, herbivores range in feeding
efficiency from generalists (by preferentially feeding on a wide range of host plants) to
specialists [175, 176]. In the context of eavesdropping, this variation in types of
herbivores present in a system may impact how HIPVs are perceived. Herbivores can
differentially influence HIPV blends. For example, HIPVs in Brassica sp. are distinct based
on herbivore feeding guild and diet breadth [30] as well as the extent of damage
experienced by an emitting plant [61]. Since these variables influence HIPV emissions, I
hypothesized that costs of eavesdropping are related to whether it is advantageous for
a plant to eavesdrop. In other words, if a plant is exposed to HIPVs produced by a
successful herbivore within a system, the costs of eavesdropping should be worthwhile
to incur since they outweigh the costs of not being prepared for defense [123]. To date,
exposure to herbivore-specific cues reduce both reproductive and somatic growth in
neighboring eavesdropping plants [130, 131, 177]. However, these cues are emitted by
conspecific plants in response to damage from specialist herbivores that are frequently
present in their environments. Thus, the risk of responding to a false signal is fairly low
[9]. While this work is informative, it is only the start of our understanding of this
phenomenon. Most herbivores fall along the generalist-specialist spectrum and plant
communities are often diverse. Therefore, the ability of an eavesdropping plant to
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identity HIPVs based on herbivore specialization on an emitting plant could affect how
resources are directed between a specialized or generalized defense response.
Along with neighboring herbivore identity, emitting plant identity plays an
important role for signal reliability. In order for an eavesdropper to assess the risk of
herbivory, an eavesdropping plant will preferentially respond to HIPVs from a
conspecific, rather than a heterospecific, neighbor. Eavesdropping evolved as an
unintended, indirect effect from within-plant signaling [49, 50]. This may explain why
neighboring plants may be capable of distinguishing between volatile blends from
emitter plants with the same or different genotypes [178, 179] as well distinguishing
between neighbors of different plant species [180, 181]. Therefore, eavesdroppers are
more likely to utilize conspecific HIPVs since they mirror within-plant signaling [49] and
indicate that herbivores are more likely to feed on them [182]. Thus, genetic
relatedness between an eavesdropper and a damaged plant may impact the costs of
eavesdropping and consequent signal reliability. While eavesdropping plants can
respond to cues from both conspecifics and heterospecifics [26, 31, 32], little is known
about whether intra-species variation [183-185], such as differences at the genotype
[186, 187] or cultivar level [188], can influence eavesdropping costs. Domestication
resulted in widely varying defense [137] and volatile profiles [189-191] in many species.
Therefore, I predicted that cultivar-specific differences may impact eavesdropper
responses to HIPVs.
In this study, I wanted to determine if exposure to HIPVs from neighboring
conspecifics and heterospecifics reduced growth in neighboring eavesdropping lima

47

bean plants. I tested these hypotheses using two lima bean (Phaseolus lunatus) cultivars
grown in a common garden. I predicted that eavesdropping on emitter plants exposed
to generalist herbivores would provide a larger fitness benefit for eavesdroppers, such
as increased reproductive output, compared to those neighboring plants exposed to
specialist herbivores. Since specialist herbivores are adapted to overcome chemical and
physical defenses more readily compared to generalist herbivores [159, 175, 192, 193], I
predicted that it is more advantageous for an eavesdropping plant to allocate resources
according to risk. Additionally, I predicted that eavesdroppers would invest more energy
in growth and defense when neighboring emitter plants were congeneric cultivars
compared to heterogeneric cultivars due to more reliable signaling that mimics withinplant communication [51, 180].
Methods
Study site and plants
This study was conducted at Blackacre Conservancy, Louisville KY, USA in the
community garden (38°11'33.8"N 85°31'28.3"W) from June 1, 2018-September 1, 2018.
The study site was 324m2 and was enclosed in a mesh fence to exclude mammalian
herbivores. 278 pairs of plants comprised of an emitter and an eavesdropper were
planted in June 2018. Pairs included either congeneric or heterogeneric cultivars, and
each emitter plant was exposed to one of two herbivores (described below),or left as an
undamaged control (Fig. 10).
Two P.lunatus cultivars, Henderson and Fordhook 242, were used in this study to
assess con- vs. heterospecific differences in eavesdropping. Both Henderson and
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Fordhook seeds were surface sterilized with 15% bleach for 5 minutes followed by a 5minute 70% ethanol. After seeds were rinsed three times with distilled water, one seed
per pot was planted in autoclaved Metromix© 360 potting mix. Both cultivars were
raised under greenhouse conditions in the University of Louisville greenhouse before
transplanting in the field site as specified in [134].
Herbivores and HIPV manipulations
The herbivores Spodoptera exigua and Anticarsia gemmatalis were chosen for
this study because they represent two extremes along the host-range spectrum. In this
system, S.exigua acted as our extreme generalist having a broad host range [194] while
A.gemmatalis is a legume specialist [195]. Egg masses of both S.exigua and
A.gemmatalis were from Benzon biological supply in Carlisle, PA (APHIS permit number
P526P-16-0256) and reared on lepidopteran diet (Southland products, Lake Village,
Arkansas USA) until they reached 3rd-4th instar. Before field placement, all herbivores
were starved for ~12 hours to ensure they would damage emitter plants and generate
HIPVs [193, 196].
When emitter plants were 8 weeks old, I enclosed them in mesh Breather
sleeves (Palm tree packaging, Apoka, Florida USA) with caterpillars inside for three days
(Fig. 10). I tried to implement a consistent 30% damage level on plants, which typically
generates high levels of HIPVs [61, 101] without inhibiting regrowth, insuring that the
extent of damage did not act as a confounding variable for generating HIPVs on emitter
plants. To simulate naturally-occurring generation times for each herbivore, I introduced
herbivores at 3 times throughout the growing season at 30, 60, and 90 days after field
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transplanting, generating three separate HIPV pulses. To account for increased biomass
over the field season and ensure that damage levels on emitters were consistent and
resulted in the similar levels of HIPVs over time, the total number of caterpillars in each
emitter bag varied from 15-25 individuals and increased throughout the field season.
Responses measured:
Growth, biomass, and reproduction measures
Bud, flower, and fruit production were recorded throughout the field season as
proximate measures of fitness, while overall growth was quantified as end-of-season
biomass. Floral buds were recorded if they exceeded 2 mm in length and recorded at 7,
42, and 71 days after applying herbivores on neighboring emitters. Flower counts
included only mature flowers with mature reproductive structures present and were
recorded at 45, 75, and 100 days after damaging emitter plants. Pod counts included
developing pods at least 2mm in length and with developing seeds and were recorded
at 49, 71, and 101 days after damaging emitter plants. Biomass measurements were
conducted at the end of field season in early September. Plants were dug out of the soil
and separated by leaf, stem, pod, and root material in the lab. After washing all roots in
water to remove loose soil, all materials were dried at 60°C for 24 hours before
weighing.
Defense priming quantification
In order to generate induced defense and assess defense priming in real time, I
isolated mature trifoliates and bagged with either an A.gemmatalis, S.exigua individual,
or left the trifoliate as an undamaged control after 24 hours of HIPV exposure from
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neighboring emitter plants. After caterpillars were allowed to feed for 24 hours,
caterpillars were removed and weighed (Appendix II) and collected trifoliates for
processing as outlined below.
To assess how eavesdropping impacts defense induction, I quantified cyanogenic
potential in leaves that were collected 24 hours after herbivore damage began on
receiver plants to maximize induction profiles [101, 135]. I focused primarily on
cyanogenic potential since it is a prominent defense trait in P.lunatus that is restricted
to essential organs to reduce costs of induction [141, 158, 197]. Individual mature leaves
were clipped, photographed, and immediately flash-frozen in liquid nitrogen and stored
at -80°C prior to lyophilization. A small-scale cyanide colorometric quantification was
modified from Gleadow et al. for rapid quantification of total cyanide per sample [142]
and used previously in [134]. Briefly, 5 mg of lyophilized tissue was weighed and placed
into 2.0mL centrifuge tubes and placed on ice. Once all the samples were on ice, 200 uL
of cold citrate buffer (0.1 M, pH 5.5-6.5) and an 200 uL vial glass insert (Agilent part
number 5183-2090) with 1.0M NaOH was placed inside the 2 mL tube before capping.
After a 15-hour incubation at 37°C, 30uL of the 0.1M solution was added in triplicate in
a 96 well plate followed by 30uL 0.5M acetic acid, 75 uL of reagent a (5.0x10-3g ml-1
succinimide, 5.0x10-4g ml-1 n-chlorosuccinimide) and 30 uL of reagent b (0.03g mL-1
barbituric acid, 30% pyridine deionized water). Concentration was calculated by
comparing absorbance values at 580 nm to a standard curve of cyanide ranging from 03000µmol.
In-field defense metrics
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To assess in-field resistance of eavesdroppers, I quantified both direct and
indirect measures of defense. For direct defense metrics, I quantified percent leaf area
removed (LAR) to assess damage by leaf defoliators. In this assessment, all individual
leaves on each plant were binned into specific categories: 0%, 0-5%, 5-15%, 15-30%, 3050%, 50-70%, 70-90%, and >90% damage. Then I calculated the average based on the
midpoint within each damage category and the number of leaves to give one LAR value
per plant [81].
As one proximate measure for indirect defense, I quantified the total number of
extra floral nectary pairs present throughout the field season. Since extra floral nectar is
produced to attract ants and the production of extra floral nectaries are plastic in
response to herbivore damage [198, 199], I predicted that EFN pairs may similarly
increase in response to HIPVs exposure.
Data Analysis
For data collected on multiple dates (e.g., floral counts), I conducted two-factor
repeated measures ANOVAs followed by post-hoc Tukey tests on the adjusted means,
with herbivore identity and congeneric relatedness as main factors, and with time,
eavesdropper plant identity, and emitter plant identity as a covariates (Table 2).
Responses that were quantified at one time point (e.g., biomass values and cyanogenic
potential), were similarly analyzed via a two-factor ANOVA with herbivore identity and
relatedness as main factors, but with eavesdropper and emitter plant identity as
covariates in Table 3. Response variables that did not meet normality assumptions were
noted in Table 2 and 3 and were transformed appropriately to better meet model
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assumptions. I primarily used the mult comp and lme4 packages in r-version (3.6.1
(2019-07-05) for running these models and I visualized the results using ggplot2 [83,
144, 145].
Results
Herbivore identity
Counter to our predictions, herbivore identity had no effect on growth and
reproduction of eavesdropping plants (Table 2, Fig. 11) and I observed no differences for
leaf, stem, root, or total biomass (Fig. 12). Additionally, herbivore identity had no effect
on direct defenses, but did impact indirect defenses. Exposure to A.gemmatalisgenerated HIPVs resulted in decreased EFN pairs present relative to controls at our final
collection point, while being next to S.exigua emitters had no effect on EFN production
(Fig. 13a, Table 2). No differences in cyanogenic potential were observed (Fig. 13c, Table
2), and eavesdropping had no effect on in-field herbivore damage (Fig. 13b, Table 2).
Plant identity
Plant relatedness significantly affected leaf and overall biomass in eavesdropping
plants (Table 3). Henderson plants next to congenerics had increased overall biomass
relative to Henderson eavesdroppers next to heterogenerics (Fig. 14a) while Fordhook
eavesdropper biomass was unaffected by neighboring plant relatedness (Fig. 14a).
Interestingly, plant identity had no effect on defense responses or reproductive counts
in eavesdropping plants (Table 2). Although I initially tested for relatedness influencing
eavesdropping costs, eavesdropping plant identity was a significant covariate for total
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seed counts (Fig. 14b), leaf, and total biomass while emitter plant identity was a
significant covariate for bud and flower counts (Table 2).
Discussion
Here I show that HIPV-mediated effects on eavesdropping plant fitness and
defenses are impacted by both herbivore identity and identity of emitter plants. While
most measures of plant growth, reproduction, and direct defenses did not vary in
response to different herbivores. However, indirect defense investment via EFN
production was significantly reduced in plants eavesdropping on A. gemmatalisgenerated HIPVs compared to controls. This difference in response to herbivore-specific
HIPVs partially support the predictions that risk assessment influences growth-defense
tradeoffs. For example, indirect defenses like EFN production are typically generalized
defense responses [110, 200, 201] and may be less effective against specialists like A.
gemmatalis (reviewed in[200]). In the presence of herbivore specialists, eavesdropping
plants may be better served by investing resources towards reproduction or a
specialized indirect defense response such as HIPV emissions to attract parasitoids.
Similar tradeoffs occur between foliar herbivore defenses and reproductive output [14,
202].
Neighboring plant relatedness had little effect in this study, though leaf and
overall biomass of eavesdropper plants was significantly higher when emitter plants
were conspecifics relative to eavesdroppers within a pair. Eavesdropping plants
preferentially use volatile cues from neighbors that are genotypically or chemotypically
similar to themselves [60, 203] rather than heterospecifics [26, 52, 178, 180, 181, 204].

54

In this study, Henderson plants responding to a congeneric emitter had increased
overall biomass and seed production, supporting previous work that biomass can act as
a reliable proximate fitness measure [205]. To that end, neighboring plant identity may
have only impacted biomass since overgrowth is a generalized overcompensation
response [154, 156] to increase overall fitness. These results suggest that it is adaptive
to invest more resources towards growth when exposed to stress signals [130, 156,
177].
In this study, both herbivore identity and relatedness between emitters and
eavesdroppers significantly impacted growth and defenses in eavesdropping plants
under field conditions. Future studies should build upon this work to address how
eavesdropping costs are impacted by phylogenetic relatedness between emitters and
eavesdroppers. To my knowledge, the only other study to assess eavesdropping costs
between heterospecific species was conducted between sagebrush and tobacco [32].
Since intercropping is an effective method for reduced pest damage [206], it is
imperative to conduct follow-up studies to address how intercropping may impact
fitness of other crop plants.
I also found that both emitting plant identity and eavesdropping plant identity
impacted both reproductive and vegetative growth. Emitter plant identity influenced
bud and flower counts of eavesdropping plants, while eavesdropper plant identity
influenced pod production and biomass. Future studies should also further investigate
how emitter or eavesdropping plant identity themselves impacts effects of
eavesdropping. This work showed that cultivar identity of eavesdropping plants was
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more influential than genetic relatedness between emitters and eavesdroppers for
observed shifts in reproduction upon exposure to HIPVs (Appendix II). In lima bean and
other plant systems, domestication history impacts cultivar traits such as growth
patterns, biomass ratios, and reproductive investment [207, 208]. Therefore, shifts in
defense and morphological traits that result from domestication history [137, 209] may
explain species-specific growth-defense tradeoffs that influence costs of eavesdropping.
The results of this study have potential application for enhancing herbivore resistance in
both agricultural and natural settings.
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Table 2: Two-factor repeated measures ANOVA with time, emitter, and eavesdropper plant identity as covariates. Bud counts
were log transformed. LAR (Leaf area removed) and EFN (extra-floral nectary pairs) fit a normal distribution. Significant results

Df
Herbivore identity
2, 368
Relatedness
1, 368
Herbivore identity X Relatedness 2, 368
Eavesdropper ID
1, 368
Emitter ID
1, 368
Time
3, 368

log(Bud counts)
F-value
p-value
1.0045
0.36723
0.002
0.9643
1.0033
0.36767
2.5579
0.1106
4.9999
0.02595
126.6124 <0.0001

Df
2, 328
1, 328
2, 328
1, 328
1, 328
3, 328

Flower counts
F-value
p-value
0.786
0.4565
0.174
0.67685
2.5366
0.08069
0.9132
0.33997
6.5145
0.01115
10.1847 <0.0001

Df
2, 136
1, 136
2, 136
1, 136
1, 136
3, 136

Pod counts
F-value
p-value
1.7246
0.18212
0.6916
0.40707
0.9456
0.39099
4.969
0.02745
1.0528
0.30669
23.3036 <0.0001

Df
2, 386
1, 386
2, 386
1, 386
1, 386
3, 386

LAR overtime
F-value
p-value
0.1155
0.8909
2.2128
0.1377
0.4707
0.625
0.366
0.5456
0.1385
0.7099
35.7668 <0.0001

Df
2, 193
1, 193
2, 193
1, 193
1, 193
3, 193

EFN overtime
F-value
p-value
3.7161
0.02609
1.5183
0.21938
2.6468
0.07345
2.3915
0.12364
2.0433
0.15449
259.5075 <0.0001
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(p<0.05) are in bold.

Table 3: Two-factor ANOVAs with Herbivore identity and relatedness between and emitter and eavesdropping plant as main

Df
Herbivore identity
2, 200
Relatedness
1, 200
Herbivore identity X Relatedness 1, 200
Eavesdropper ID
1, 200
Emitter ID
1, 200

log(Leaf Biomass)
F-value
p-value
0.8836
0.41491
4.2634
0.04023
0.0596
0.94218
24.0032 <0.0001
0.7796
0.37832

Df
2, 200
1, 200
1, 200
1, 200
1, 200

log(Total Biomass)
F-value
p-value
0.7203
0.48788
5.4155
0.02096
0.2106
0.81029
19.4483 <0.0001
2.1651
0.14274

Herbivore identity
Relatedness
Herbivore identity X Relatedness
Eavesdropper ID
Emitter ID

Df
2, 200
1, 200
1, 200
1, 200
1, 200

log(Stem biomass)
F-value
p-value
0.3025
0.7393
2.3268
0.1287
0.1987
0.82
30.1584 <0.0001
0.5392
0.4636

Df
2, 162
1, 162
1, 162
1, 162
2, 162

Total Seed Production
F-value
p-value
1.0904
0.338532
0.4696
0.494129
2.1796
0.116395
10.0034
0.001864
0.131
0.717848

Df
2, 143
1, 143
1, 143
1, 143
1, 143

log(Root biomass)
F-value
p-value
0.1795
0.8359
0.5043
0.4788
1.3222
0.2698
0.3119
0.5774
0.2007
0.6549

Df
2, 38
1, 38
1, 38
1, 38
2, 38

Cyanide induction
F-value
p-value
0.0757
0.9272
0.6877
0.4117
1.1106
0.3398
2.162
0.1493
1.1307
0.2943
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factors. Emitter and eavesdropping plant identity were included as covariates. Significant results (p<0.05) are in bold.

Emitter

Eavesdropper
Figure 10: Experimental setup within the field site. I started with 280 pairs of
herbivore-damaged (emitter) plants and undamaged neighboring plants
(eavesdroppers). Emitter plants were exposed to herbivores at three separate times
throughout the field season to generate ~30% damage over each three-day period.
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Sampling Date 1

Sampling Date 1

Sampling Date 1

C

A

S

Sampling Date 2

Sampling Date 3

Sampling Date 2

Sampling Date 3

Sampling Date 2

A

C

Sampling Date 3

S

C

A

S

Emitter treatment
Figure 11: No evidence for herbivore identity effects on adjusted-mean reproductive
output in eavesdropping plants. C= control, A= A.gemmatalis, and S= S.exigua emitter
treatment. See methods section for specific collection dates. Error bars indicate +/- 1SE.
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Control

A.gemmatalis S.exigua

Control

A.gemmatalis

S.exigua

Emitter treatment
Figure 12: Eavesdropping plant Leaf (a), Stem (b), Root (c), and Total biomass (d)
responses to herbivore identity on emitting plants. Error bars indicate +/- 1SE.
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Sampling Date 1

Sampling Date 3

Sampling Date 2
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a
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A

Sampling Date 1

C

A

S

Control

C

S

A

Sampling Date 2

C

A

S

S

C

Sampling Date 3

C

b

A

A.gemmatalis

S

S

A

Sampling Date 4

C

A

S

S.exigua

Emitter treatment

Figure 13: Indirect (a) and direct (b, c) measures of in-field defense as affected by
herbivore identity. Letters indicate significant (p<0.05) differences among treatments in
Tukey’s post-hoc comparisons. C= control, A= A.gemmatalis, S= S.exigua.
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a

a
b

a

b
b
a
a

Figure 14. Relatedness between emitters and eavesdroppers impacts overall biomass
(a), while eavesdropper ID affects total seed production (b). Henderson eavesdroppers
are in grey bars while Fordhook eavesdroppers are in black bars. Notations on the x-axis
indicate emitterID - eavesdropperID.
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CHAPTER V
MATERNAL EAVESDROPPING HAS NO EFFECTS ON PROGENY PERFORMANCE UNDER
FIELD CONDITIONS
Summary
Transgenerational inheritance occurs when parental stress is so great that it
leaves an imprint on the progeny. Transgenerational modifications are a widely
documented phenomena within the plant kingdom and occur from exposure to both
biotic and abiotic stress. For example, parental exposure to herbivory results in
enhanced offspring performance for up to three generations [89]. Transgenerational
effects of herbivory have been documented in a wide range of plant species [210-214] in
both field and greenhouse settings. Both within and transgenerational modified
resistance profiles have been linked to epigenetic modifications [89, 215-219]. To
increase herbivore resistance within a plant’s lifetime, plants eavesdrop on herbivoreinduced plant volatiles (HIPVs) to prepare for impending herbivore attack since they
accurately predict herbivore identity and the degree of damage experienced by a
damaged plant. Since eavesdropping results in epigenetic modifications similar to
herbivory itself, I wanted to determine if eavesdropping itself acts as a selective
pressure and has effects beyond a single generation. Since eavesdropping is widespread
within the plant kingdom, I predicted that HIPV-mediated eavesdropping may likewise
confer enhanced herbivore resistance in the next generation. Since transgenerational
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benefits may be dependent on in-field herbivore pressure, I expected to observe
transgenerational effects earlier in the field season which are lost over time if in-field
herbivore pressure is weak.
To test this prediction, I collected seeds from lima bean individuals that were
either exposed to HIPVs (eavesdroppers) from the legume generalist Spodoptera exigua
or the legume specialist Anticarsia gemmatalis, and compared their performance to
seeds of plants directly damaged by S.exigua or A.gemmatalis. I compared seed
germination rates, floral phenology, and in-field growth and defenses among offspring
plants. Counter to our initial predictions, I found no effect of parental herbivory or
eavesdropping on next-generation performance. These results indicate that
transgenerational herbivore resistance is difficult to assess under certain field
conditions.
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Introduction
Eavesdropping on herbivore-induced plant volatiles (HIPVs) is essential for
mitigating costs of induced defense. When eavesdropping occurs, an eavesdropping
plant gains a fitness advantage compared to a naïve plant since a primed individual can
respond more quickly and aggressively to potential herbivores [16, 173, 174]. However,
priming is also associated with growth costs. For example, goldenrod populations have
been shown to incur growth costs in the presence of an insect pheromone [131], while
exposure to insect oviposition cues shifted resources away from growth in Brassica sp.
while enhancing defenses [130].
Within a single generation, plants can modify their responses to volatile cues [79,
220, 221]. In environments with high herbivore pressure, HIPVs become reliable signals
[9, 70]. When herbivore pressure is strong and consistent enough, the ability to pass
benefits of eavesdropping and priming to the next generation should be evolutionarily
advantageous [222]. Transgenerational resistance occurs when a parent is exposed to
such high levels of stress that this causes an imprint onto the next generation, resulting
in enhanced fitness in offspring. In plants, parental exposure to direct herbivory can
cause epigenetic changes [215] that result in stronger herbivore-resistance profiles [89,
210, 223]. Additionally, transgenerational effects of herbivory can span multiple
generations for both chemical and physical defenses [213, 224]. As a result, herbivory
itself acts as a selective pressure that impacts plant population changes overtime.
Similarly, in HIPV-mediated eavesdropping, I would predict that eavesdropping alone
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could incur transgenerational fitness effects since resources are diverted towards
optimizing growth and defense profiles. This should be especially true in environments
with consistently high herbivore presence.
Here, I examine whether HIPV-mediated eavesdropping results in
transgenerational effects similar to those seen with direct herbivory. Since HIPVeavesdropping incurred costs in growth but benefits to defenses in the parent
generation (F0) [212, 214], I predicted that offspring (F1) of eavesdroppers would have a
fitness advantage relative to offspring of non-eavesdropper, especially if herbivores are
continually present in the environment . I expected that these transgenerational effects
would be weaker than those from F0 plants exposed to direct herbivory. Additionally, I
predicted that transgenerational benefits of eavesdropping would be seen in early
development [214] and would be lost overtime if in-field herbivore pressure in the F1
generation was low [225, 226].
Methods
Parental treatments
I evaluated transgenerational effects of herbivory and eavesdropping using seeds
collected from lima bean (Phaseolus lunatus) plants from the experiment described in
Chapter 4. I had six parental treatments: 1) plants directly damaged by Anticarsia
gemmatalis, a specialist herbivore of lima bean, 2) plants directly damaged by
Spodoptera exigua, a generalist herbivore of lima bean, 3) plants never exposed to
herbivores, 4) plants that were eavesdroppers of plants directly damaged by Anticarsia
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gemmatalis, 5) plants that were eavesdroppers of plants directly damaged by
Spodoptera exigua, and 6) plants that were eavesdroppers of non-damaged plants.
F1 seed traits
A subset of F1 seeds associated with each parental treatment above was used to
characterize transgenerational effects on seed defenses. 10-15 randomly selected seeds
from each parental treatment were used for cyanide quantification. These seeds were
cryogenically ground and lyophilized. Then cyanogenic potential was quantified as
outlined below for foliar quantification and included in Appendix III.
The remainder of seeds from the experiment in Ch. 4 were stored at 21°C before
being surface sterilized with 20% bleach for 5 minutes followed by 70% ethanol for an
additional 5 minutes. 120 seeds from each parental treatment were sowed in Metromix
360© potting mix and grown under greenhouse conditions. Two weeks after initial
sowing, germination rates were calculated in each treatment group.
Common Garden Experiment:
To evaluate transgenerational effects on F1 offspring, I conducted a commongarden field experiment using germinated plants associated with each parental
treatment described above. Once seedlings in the greenhouse were 3 weeks old and
started sending out their first trifoliate pair, plants were transplanted into the common
garden at Blackacre Conservancy in May 2019 in Louisville, KY (38.2N, -85.7W). For each
parental treatment, 60 F1 plants were initially transplanted to the field site. Plants were
placed 1 m apart in all directions to reduce interplant communication [50, 77].
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Growth: Plants were transplanted in the field on May 8, 2019 at three weeks of
age and grown until October 1. At the end of the field season, all plants were harvested
and separated into leaf, stem and root material. All plant materials were washed in
water and dried at 60°C for 24 hours before weighing.
Reproduction: Plants were monitored weekly throughout the growing season,
and reproductive measurements, including first appearance of reproductive structures
along with total bud, flower, and pod counts, were recorded 3-4 times throughout the
field season. Date of initial bud production was recorded when the first bud reached
1mm in length (ensure they were floral buds and not leaf buds), while initial flowers
were counted once mature pollen was observed and the sepals were completely open.
Fruit initiation date was recorded when pods were 1.5mm in length and did not have
remnant petals attached to the developing fruit. All reproductive structures (buds,
flowers, fruits) were counted 3-4 times throughout the growing season and counts were
added together for a single end-of-season measure of total reproduction.
Defense: I evaluated multiple aspects of plant defense, including in-field damage
by herbivores and pathogens, (specifically leaf area removed by herbivores, florivory,
aphid colonization, and percent pathogen infection), and indirect defenses (specifically
extra-floral nectary production and ant colonization).
Estimates of leaf area removed (LAR) by herbivores were used to assess in-field
chewing herbivore damage at three times throughout the field season. Estimates from
these three dates were then averaged to give a single value of LAR per plant across the
entire growing season. Briefly, individual leaves were visually assessed and assigned to a
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damage category: 0%, 0-5%, 5-15%, 15-30%, 30-50%, 50-70%, 70-90%, and >90%. Then I
calculated the average based on the midpoint within each damage category and the
number of leaves to give one LAR value per plant [81]. Along with foliar damage, I
similarly assessed florivory by assessing the total number of flowers per plant that had
visible damage. I monitored aphid presence in the beginning of the field season to
assess piercing herbivore resistance. I was only able to track aphid colonization in the
beginning of the field season since they switch hosts later on in the field season [129].
Plants were monitored every 5-7 days, with running counts of all aphids present on
individual plants including adults and nymphs, until aphids were no longer present in
the field site. I characterized pathogen infection using methods similar to LAR
assessments when it was present at the beginning of the field season. Leaves were
characterized as infected if they had brown spots indicative of leaf anthracnose [227229].
As a measure of indirect defense, extrafloral nectary pair (EFN) counts and ant
presence were recorded biweekly on F1 plants. EFN pairs were counted if they were
actively recruiting ants and producing nectar. Non-functional or senesced EFN were not
included in the total counts. Ant counts were recorded every other week throughout the
field season to assess EFN function. Individual EFN and ant counts were summed across
the growing season to give a single total value per plant for the MANOVA analysis.
To measure plant defense priming, I applied leaf mechanical wounding with oral
secretion treatments to F1 plants on June 6, 2019 (14 days after initial transplanting).
For this manipulation, three photosynthetically mature leaves were first wounded by
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crushing ~20% leaf area with pliers. Leaves were then immediately treated with one of
three herbivore oral secretion treatments: Spodoptera exigua + mechanical damage,
Anticarsia gemmatalis + mechanical damage, or left as undamaged controls. Oral
secretions were collected during the previous field season from caterpillars used to
damage emitter plants in chapter 4. Individual caterpillars were gently squeezed with
forceps and consequent regurgitant was collected with a sterile pipette. After collection,
oral secretions were diluted with distilled water at a 1:3 ratio. Leaves were harvested
24 hours later and flash frozen in liquid nitrogen before being transferred to -80°C
freezers. All leaf tissue was cryogenically ground and lyophilized at -80°C prior to
chemical analysis.
To assess how eavesdropping impacts defense induction, I quantified cyanogenic
potential in leaves that were collected 24 hours after herbivore damage began on
receiver plants to maximize induction profiles [100, 135]. Individual mature leaves were
clipped, photographed, and immediately flash-frozen in liquid nitrogen and stored at 80°C prior to lyophilization. A small-scale cyanide colorometric quantification was
modified from Gleadow et al. for rapid quantification of total cyanide per sample [142]
and used previously in this dissertation. Briefly, 5 mg of lyophilized tissue was weighed
and placed into 2.0mL centrifuge tubes and placed on ice. Once all the samples were on
ice, 200uL of cold citrate buffer (0.1 M, pH 5.5-6.5) and an 200uL vial glass insert (Agilent
part number 5183-2090) with 1.0M NaOH was placed inside the 2mL tube before
capping. After a 15-hour incubation at 37°C, 30uL of the 0.1M solution was added in
triplicate in a 96 well plate followed by 30uL 0.5M acetic acid, 75 uL of reagent a
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(5.0x10-3g ml-1succinimide, 5.0x10-4g ml-1n-chlorosuccinimide) and 30uL of reagent b
(0.03g mL-1barbituric acid, 30% pyridine deionized water). Concentration was calculated
by comparing absorbance values at 580nm to our standard curve of cyanide ranging
from 0-3000µmol.
In conjunction with quantifying total cyanide, I also assessed total phenolics. To
quantify phenolics, ~5 mg of lyophilized leaf tissue was weighed into 1.5 mL vials and
extracted for 24 hours in 1% HCl in methanol at 4°C [230]. After incubation, chlorophyll
was removed with 500uL of chloroform and 350uL water. The aqueous layer was
consequently removed for analysis. Total phenolics were assessed by adding 82.5 µL of
1:10 Folin-Ciocalteau reagent and 66 µL of 7.5% Na2CO3 was added into each well of a
microplate. After a 30 min incubation period, samples were diluted with 110 µL water.
Standards were measured at 320 nm and referenced against a standard curve of
chlorogenic acid ranging from 0 µg/mL-500 µg/mL.
Data Analysis
Seed germination rates, cyanogenic potential of seeds, and cyanogenic potential
of non-primed leaves on F1 plants were analyzed using one-factor mixed-model
ANOVAs with parental treatment as the main factor. The other response variables
described above were not collected until after F1 herbivore-oral-secretion-plusmechanical-damage manipulations were applied. Therefore, floral bud, flower, and fruit
onset, and all biomass values were analyzed using two-factor ANOVAs with parental
treatment and F1 oral secretion treatment as main factors.
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To more broadly compare parental effects on reproduction and defense, I
conducted one-factor MANOVAs with parental treatment as the main factor. Defense
was measured by in-field herbivory (LAR), florivory, percent foliar pathogen infection,
ant presence, aphid counts, and extra floral nectary pair production. Reproductive
investment was quantified by total bud, flower, and fruit counts. All values with the
exception of ant presence were averaged across the field season were imputed as a
single value for the MANOVA while ant presence recorded over the field season was
summed. All analyses were conducted in R (version 3.6.1) [83]. Data that did not meet
normality assumptions were log transformed before analyses.
Results
Counter to our original hypothesis, I found that parental treatments had no
effect on seed traits or on F1 plant growth, reproduction, or defense (Tables 4, 5, 6; Figs.
15-18).
Discussion
Our results were surprising because other studies have found that parental
herbivory can significantly modify reproductive development and biomass of offspring
[89, 214] as well as enhance priming responses in F1 plants when they were exposed to
herbivory in the vegetative state of growth [89, 210, 212]. While I initially predicted that
costs of eavesdropping would be relatively low to non-existent, I was surprised to find
no transgenerational effects of herbivory in this study. Specifically, I predicted that
A.gemmatalis herbivory would incur greater fitness effects while S.exigua herbivory
would have less of an effect on F1 responses due to feeding differences. A.gemmatalis
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preferentially fed on young leaf and floral tissue while S.exigua fed on mature leaves
(personal observations). However, these transgenerational effects may have been
overclouded by increased abiotic stress via flooding and low in-field herbivore pressure
to maintain transgenerational resistance profiles.
The ability to observe transgenerational costs is dependent on the extent of stress a
parent plant experiences in the previous generation as well as the amount of stress
experienced by the offspring. Transgenerational effects are often only observed when
progeny are exposed to similar stress as their parents either early in development or
near the same time as their parents in the previous generation [89, 214]. However, the
F1 plants were not exposed to any significant in-field herbivory. The herbivore oralsecretion treatments were short-lived and were not meant to mimic sustained in-field
herbivory. The limited transgenerational effects in our study may be related to low infield herbivore pressure and costs of investment (Appendix III). Throughout the course
of in this study, I found relatively low levels of in-field herbivory (Appendix III) before
resurgence of the Mexican Bean Beetle E.varivestis in the field site in late July (personal
observations). I may have had results similar to previous studies if I had applied live
herbivores on plants for extended periods of time, or if herbivore pressure was stronger
earlier in the field season [213, 231].
It may also be that transgenerational effects are expressed in traits not measured in
our study. For example in Brassica rapa, damage by the herbivores Pieris brassicae and
Maemstra brassicae varied in effects across multiple B.rapa generations. Morphological
traits like petal area, and chemical responses such as β-farnesene emissions, were lost
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after a second generation, while increases in nectar volume was retained up to four
generations later [232]. Similarly, in Arabidopsis transgenerational effects of salt stress
were stronger in offspring from parents directly exposed to salt stress while
grandparental and great-grandparental salt stress exposure had limited effects on
offspring resistance [225]. Previous work in lima bean has demonstrated that parental
exposure to herbivory resulted in transgenerational differences in cyanide production,
but only during the seedling stage [212]. I did not begin taking measurements on plant
traits until after seedlings were transplanted, and so have missed transgenerational
effects that vary temporally.
While no transgenerational costs or benefits of eavesdropping were observed in this
study, future studies should address how environmental stress affects transgenerational
traits. The summer of 2019 was the wettest summer on record for the area, and
resulted in significant flooding within the field site (personal observations). There was
significant flooding during our field season in which parts of our field site were covered
in water for almost three weeks in June 2019 followed by another flooding incident at
the end of July. As a result of this flooding, I lost ~ 1/3 of our plants at the end of the
field season. Various studies have shown that flood stress can impede plant growth and
herbivore defense due to significant phytohormonal crosstalk [233, 234]. Additionally,
flood stress greatly exasperates the effects of herbivory along coastal systems [234,
235]. With increased global warming expected to continuously increase, the next steps
for assessing transgenerational affects is to investigate interactive effects between
maternal treatment and abiotic stress.
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Table 4: Results of One and Two Factor ANOVAs analyzing differences in F1 growth,
reproduction, and defense due to parental treatments (F0) and F1 herbivore priming
treatments (mechanical wounding + OS treatments).
DF
F0 Treatment
5, 589
F1 Herbivore
NA
F0 Treatment x F1 Herbivore NA

Germination rates
F-value
p-value
1.3038
0.2606
NA
NA
NA
NA

Leaf biomass (log transform)
DF
F-value
p-value
F0 Treatment
5, 24
2.1398
0.09515
F1 Herbivore
1, 24
1.6264
0.21441
F0 Treatment x F1 Herbivore 5, 24
0.8518
0.52708
0 hours cyanide
DF
F-value
p-value
F0 Treatment
5, 73
0.7593
0.58516
F1 Herbivore
NA
NA
NA
F0 Treatment x F1 Herbivore NA
NA
NA

DF
5, 268
NA
NA

Floral bud onset
F-value
p-value
0.9822
0.4304
NA
NA
NA
NA

Stem biomass (log transform)
DF
F-value
p-value
5, 24
2.268
0.05523
1, 24
2.3206
0.14074
5, 24
0.8329
0.53913
24 hours cyanide
DF
F-value
p-value
5, 164
2.2146
0.05523
1, 164
2.3207
0.12959
5, 164
0.2088
0.95843
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DF
5, 118
1, 118
5, 118

Flower onset
F-value
p-value
0.2856
0.9202
0.8656
0.3541
0.7287
0.6032

Root Biomass (log transform)
DF
F-value
p-value
5, 24
1.8003
0.1509
1, 24
0.8004
0.3798
5, 24
0.8693
0.5161
24 hours total phenolics
DF
F-value
p-value
5, 44
0.33
0.89216
1, 44
0.0341
0.85443
5, 44
2.2983
0.06115

DF
5, 76
1, 76
5, 76

Fruit onset
F-value
p-value
0.3954
0.8505
0.4977
0.4827
0.5545
0.7344

Total Biomass (log transform)
DF
F-value
p-value
5, 22
2.4556
0.06515
1, 22
2.4611
0.13097
5, 22
0.3619
0.86902

Table 5: One-way MANOVA results for cumulative maternal effects on in-field
reproduction and defense. See methods section for factors used in the analysis.

df
Reproductive output 5, 280
Defense
5, 62

Wilk's lambda F
0.80599
0.72067
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p-value
0.99255
0.4933
1.0206
0.4397

F0 eavesdroppers

F0 emitters

Control

A.gemmatalis

S. exigua

Control

A.gemmatalis

S. exigua

Figure 15. F1 germination rates are unaffected by parental herbivory (F0 Emitter) and
HIPV-mediated eavesdropping (F0 eavesdropper). Dark shaded bars are for offspring
from parental emitter plants, while light bars are from parental eavesdropping plants.
Error bars are +/- 1 SE.
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F0 eavesdroppers

F0 emitters

Control

A.gemmatalis

S.exigua

Control

A.gemmatalis

S.exigua

Figure 16: Parental effects on F1 phenology: (A) initial floral bud onset, (B) initial
flower onset, and (C) fruit onset. Dark shaded bars are for offspring from parental
emitter plants, while light bars are from parental eavesdropping plants. Error bars are
+/- 1SE.
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F0 emitters

C

A

S

F0
eavesdroppers

C

A

F0 emitters

S

C

A

S

F0
eavesdroppers

C

A

S

Figure 17. Parental effects on offspring leaf (a), stem (b), root (c), and total biomass
(d). Dark shaded bars are for offspring from parental emitter plants, while light bars are
from parental eavesdropping plants On the x-axis, C=control, A=A.gemmatalis, and S=
S.exigua. Error bars are +/- 1SE.
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F0 eavesdroppers

F0 emitters

Log(Cyanogenic leaf potential
(0 hours))

(a)

Cyanogenic leaf potential
(24 hours)

(b)

Figure 18: Foliar defenses in F1 plants. Baseline levels of foliar cyanide were quantified
in undamaged leaves (a) and 24 hours after wounding by either A.gemmatalis or
S.exigua (b). Dark shaded bars are for offspring from parental emitter plants, while light
bars are from parental eavesdropping plants. Error bars are +/- 1SE.
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CHAPTER VI
SUMMARY AND FUTURE DIRECTIONS
Throughout this dissertation, I investigated factors influencing the costs and
benefits of ecological eavesdropping and found that exposure to herbivore-induced
plant volatiles can impact both growth and defenses. In Ch. 2, I found that exposure to a
single herbivore-induced volatile significantly impacted eavesdropper performance, but
not always in the way I predicted. While eavesdropping P.lunatus plants had enhanced
growth and defense profiles, C. annuum experienced costs in vegetative growth and
reproductive output.
In Ch. 3, I exposed P.lunatus to the synthetic green-leaf volatile z3HAC and
manipulated duration of exposure. This included a continuous exposure along with two
shorter duration periods that simulate naturally occurring herbivory. Since volatile
duration acts as a proximate indicator for herbivore presence and severity of herbivory,
I predicted that short durations to z3HAC would result in negligible growth effects and
enhance resistance while longer durations would incur significant growth effects.
Overall, I found that only a continuous exposure to z3HAC impacted overall growth via
increased total biomass relative to other treatment groups, while reproduction and infield defense were unaffected by any z3HAC exposure.
While it is significant to note that exposure to a ubiquitous, herbivore-induced
plant volatile can incur significant costs in growth, plants are often exposed to volatile
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blends rather than individual compounds during herbivory that are unique to specific
herbivores that reflect their feeding breadth. In chapter 4, I experimentally manipulate
herbivore identity using the legume specialist Anticarsia gemmatalis and the generalist
crop pest Spodoptera exigua within plant pairs and recorded responses in the
undamaged, neighboring eavesdroppers. Direct defense metrics, such as cyanide
concentration and in-field herbivore resistance, was unaffected by eavesdropping.
However, herbivore-specific effects influenced investment in indirect defense via extra
floral nectary production. Eavesdroppers next to plants damaged by A. gemmatalis
produced fewer extra floral nectaries relative to controls while plants next to S. exigua
damaged individuals had no effect. Additionally, I manipulated both eavesdropping
plant identity and emitting plant identity using two cultivars of P.lunatus. While emitting
plant identity only affected total biomass, eavesdropping costs were significantly
impacted by cultivar identity of the eavesdropping plant. Henderson eavesdroppers
experienced reproductive costs when next to damaged neighboring plants while
Fordhook plants demonstrated an overcompensation response in reproductive output
in the presence of HIPVs.
In Ch. 5, I found no evidence for transgenerational effects of HIPV-mediated
eavesdropping or direct herbivory. This was surprising to us considering that maternally
damaged plants had nearly 30% damage three separate times during the field season.
However, I think maternal effects may have been masked by extreme environmental
pressures not related to herbivory.
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Results from this work demonstrate that eavesdropping on herbivore-associated
cues along with other environmental factors may impact growth-defense tradeoffs.
While only continuous exposure to z3HAC incurs significant growth effects in lima bean,
intermittent exposure to HIPVs resulted in herbivore-specific costs in growth and
reproduction. Unique growth effects in the presence of a cue indicates that an
eavesdropping plant allocates resources based on perceived risk of herbivory.
Specifically, it is more adaptive to divert resources towards defense in the presence of a
generalist cue relative to exposure to a cue generated by a specialist herbivore.
Additionally, relatively little differences in eavesdropping response upon exposure to
HIPVs in chapter 4 indicates that additional factors impact growth-defense tradeoffs. For
example, I noticed throughout my dissertation work that in-field herbivore pressure was
always the highest towards the end of the field season, typically starting in July with the
onset of E. varivestis while significant field-site flooding significantly impacted which
plants I was able to harvest at the end of the field season in chapter 5. Therefore,
specifically accounting for other environmental variables in conjunction with costs of
eavesdropping is important to consider in future work.
While I was unable to quantify differences in volatile blends from damaged
plants in this thesis, future work should determine if costs of eavesdropping are specific
to unique volatile compounds within HIPVs or the HIPV blends themselves. This work is
the first to demonstrate that herbivore identity can impact ecological decision and
investment between growth and defense profiles that is heightened by eavesdropping
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plant identity, supporting recent work that has demonstrated that exposure to
neighboring HIPVs can modify life history traits [130].
Future Directions
In future studies, it is vital to delineate other potential factors that drive
ecological decision-making within HIPV-mediated eavesdropping. A caveat of the
experimental design for the fourth chapter is that I did not include a control for possible
belowground communication. I inferred that eavesdropping costs resulted from
aboveground volatile communication alone. However, previous work has demonstrated
that terpenes secreted from roots can impact neighbor plant defenses [236, 237], and
that aboveground herbivory can impact belowground root exudates [238]. Therefore, it
is plausible that both aboveground and belowground volatile emissions may impact an
eavesdropping plant’s response.
Additionally, it is vital that I expand upon our current hypothesis describing host
range, and how costs of eavesdropping fit into our current understanding of apparency
theory [239]. Within this framework, plants invest more heavily in generalized defenses
if they are exposed to a wider range of herbivores. Conversely, if they are exposed to a
narrower range of herbivores, they may invest more in specialized chemical or physical
defense traits. Our results from chapter 4 indicate that exposure to cues from a
generalist herbivore result in a generalized response while exposure to specialist cues
result in herbivore-specific responses. To expand upon our current findings and
determine if this is an overarching trend within eavesdropping, future research should
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expand both the plant species and herbivores used in order to encompass a range of life
history traits for both herbivores and eavesdropping plant.
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Appendix I
Supplemental Data from Chapter II

Supplemental Figure 1. Aerial view of the field site within the Blackacre Community
Garden. The research area is outlined and the original picture was acquired from Google
Earth.
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Supplemental Figure 2: Volatile administration setup. Each 2mL glass vial was inverted
and supported by wire stands to prevent rain water accumulation. Additionally, each
vial was wrapped in aluminum foil to prevent photodegradation [75].
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Supplemental Figure 3. Calculated individual seed mass for C.annuum (A) and total pod
production for P.lunatus (B). Box plots represent the raw data ranging from the upper to
the lower quartiles and the median. White boxes represent control plants; gray boxes
represent plants treated with z3HAC. Error bars represent the 5% and 95% of the data,
and individual dots are observations that fell outside of those parameters. P-values
represent Tukey’s HSD comparisons.
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Supplemental Figure 4. Cyanide induction in Phaseolus lunatus (Lima bean) as affected
by z3HAC exposure. Cyanide concentration was determined by trapping volatile HCN in
1.0M NaOH followed by colorometric quantification. Sink leaves (A) and source leaves
(B) were exposed long-term exposure of 10ng/hour z3HAC or left as a control. Points
represent averages +/- SE and * indicate a p-value <0.05.
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Appendix II
Supplemental Data from Chapter IV
Supplemental Table 1: Growth effects for eavesdropping on HIPVs at each timepoint.
Undamaged plants (eavesdroppers) were exposed to either A. gemmatalis HIPVS, S.
exigua HIPVs, or undamaged
controls.
Table 2: Growth effects for eavesdropping on Herbivore-induced plant volatiles at each time
point. Undamaged neighboring plants (eavesdroppers) were exposed to either A.gemmatalis
HIPVs, S.exigua HIPVs, or undamaged controls.
DF
Sum_sq
Mean_sq
F-value
Pr (>F)
Bud count Day 7
Herbivore identity
2
434.2
217.096
2.6674
0.07318
Receiver ID
1
85.8
85.807
1.0543
0.3064
Congeneric vs. Heterogeneric
1
7.5
7.492
0.0914
0.76284
Herbivore identity X Receiver ID
2
142.8
71.379
0.877
0.41843
Residuals
131
Bud count Day 42
Herbivore identity
Receiver ID
Congeneric vs. Heterogeneric
Herbivore identity X Receiver ID
Residuals

2
1
1
2
130

0.985
0.354
0.1006
0.0373

0.49248
0.354
0.10063
0.01865

3.1364
2.2545
0.6392
0.1188

0.04672
0.13564
0.4254
0.88812

Bud count 71
Herbivore identity
Receiver ID
Congeneric vs. Heterogeneric
Herbivore identity X Receiver ID
Residuals

2
1
1
2
113

0.021
0.2862
0.0192
2.2175

0.01048
0.28619
0.0192
1.10874

0.0486
1.327
0.0883
5.141

0.952604
0.251751
0.766951
0.007283

Flower count day 45
Herbivore identity
Receiver ID
Congeneric vs. Heterogeneric
Herbivore identity X Receiver ID
Residuals

2
1
1
2
130

34
14.75
0.47
10.51

17.0015
14.7543
0.4715
5.2539

2.6168
2.271
0.072
0.8087

0.07685
0.13423
0.78881
0.44766

Flower count day 75
Herbivore identity
Receiver ID
Congeneric vs. Heterogeneric
Herbivore identity X Receiver ID
Residuals

2
1
1
2
115

46
14.8
33.9
24.8

23.016
14.826
33.937
12.405

0.8244
0.5311
1.2188
0.4443

0.441
0.4676
0.2719
0.6423

Flower count day 100
Herbivore identity
Receiver ID
Congeneric vs. Heterogeneric
Herbivore identity X Receiver ID
Residuals

2
1
1
2
111

8.23
4.44
29.62
23.88

4.1173
4.4396
29.6187
11.9385

0.3399
0.3666
2.476
0.9857

0.7125
0.5461
0.1184
0.3764

Pod count day 45
Herbivore identity
Receiver ID
Congeneric vs. Heterogeneric
Herbivore identity X Receiver ID
Residuals

2
1
1
2
130

23.7
18.45
3.5
70.02

11.85
18.452
3.497
35.009

0.853
1.3283
0.2504
2.5201

0.42847
0.25121
0.61765
0.08435

Pod count Day 71
Herbivore identity
Receiver ID
Congeneric vs. Heterogeneric
Herbivore identity X Receiver ID
Residuals

2
1
1
2
116

30.9
23.7
2.3
99.6

15.455
23.651
2.275
49.823

0.4783
0.732
0.0699
1.5421

0.621
0.394
0.792
0.2183

Pod count Day 101
Herbivore identity
Receiver ID
Congeneric vs. Heterogeneric
Herbivore identity X Receiver ID
Residuals

2
1
1
2
114

708.8
94.3
0.621
210.8

354.41
94.32
0.31048
105.4

1.8236
1.0543
1.051
1.0681

0.116
0.3066
0.3529
0.347
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Supplemental Table 2: Cultivar-specific growth effects for eavesdropping on HIPVs.
Undamaged neighboring plants (eavesdroppers) that were either Fordhook or
Henderson plants were exposed to either A.gemmatalis HIPVS, S.exigua HIPVs, or

Reproductive growth

undamaged controls.
Supplemental table 1: Cultivar specific growth effects for eavesdropping on Herbivore-induced plant volatiles. Undamaged

neighboring plants (eavesdroppers) were either from the Fordhook or Henderson cultivar and exposed to either A.gemmatalis
HIPVS, S.exigua HIPVS, or undamaged controls.
Henderson
Fordhook
Response variable Covariates
DF
F-value
p-value
DF
F-value
p-value
Bud counts
Herbivore Identity
2
1.06546
0.349
2
2.39435
0.097
Time
2
23.30061 <0.0001
2
24.02743 <0.0001
Treatment X Time
4
1.14844
0.3393
4
0.7181
0.5817
Congeneric vs. Heterogeneric
1
3.334
0.07133
1
0.4482
0.50495
Residuals
86
90
Flower counts
Herbivore Identity
2
1.71911
0.1827
2
0.58581
0.5578
Time
2
5.56752
0.0047
2
4.63057
0.011
Treatment X Time
4
0.65149
0.6267
4
1.49563
0.2056
Congeneric vs. Heterogeneric
1
1.7839
0.183704
1
5.6392
0.018678
Residuals
150
171
Pod counts
Herbivore Identity
2
3.11302
0.053
2
0.32656
0.7223
Time
2
13.35982 <0.0001
2
11.76772 <0.0001
Treatment X Time
4
1.282
0.289
4
0.33864
0.8512
Congeneric vs. Heterogeneric
1
0.2212
0.6402
1
1.4539
0.2312
Residuals
51
87

Vegetative growth

Leaf biomass

Stem biomass

Root biomass

Total biomass

Herbivore Identity
Congeneric vs. Heterogeneric
Residuals
Herbivore Identity
Congeneric vs. Heterogeneric
Residuals
Herbivore Identity
Congeneric vs. Heterogeneric
Residuals
Herbivore Identity
Congeneric vs. Heterogeneric
Residuals

2
1
101
2
1
101
2
1
79
2
1
101
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2.91
0.3903

0.05906
0.5336

0.2201
0.0741

0.8028
0.786

0.7033
0.1213

0.498
0.7286

0.5471

0.5803

2
1
101
2
1
101
2
1
66
2
1
101

1.7726
0.2844

0.1751
0.595

1.3824
0.1905

0.2557
0.6635

2.9282
0.0383

0.06047
0.8454

1.6573
0.0338

0.1958
0.8544

Supplemental Table 3: Cultivar-specific growth effects for eavesdroppers on HIPVs at
each sampling date. Undamaged eavesdroppers were either exposed to A.gemmatalis
HIPVS, S.exigua HIPVs, or undamaged controls.
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A.gemmatalis

S.exigua

a.gemmatalis

s.exigua

Relative
growth rate (%)
relative growth rate
(%)

20

10

emitter_cat_species
a.gemmatalis
control
s.exigua

0
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control
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control
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S

Emitter Treatment
Supplemental Figure 1: Herbivore performance on neighboring eavesdroppers was
unaffected by eavesdropping. Neighboring emitter plants were damaged by either
A.gemmatalis or S.exigua herbivores or left as undamaged controls for 2 days before
receiver plants were challenged. One mature trifoliate on each receiver plant was
consequently exposed to either A.gemmatalis or S.exigua damage for 24 hours and
weighed to assess relative growth rates.
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Control

A.gemmatalis

S. exigua

Supplemental Figure 2: Herbivore identity has no effect on seed production in
eavesdropping plants. At the end of the field season, all fruits were harvested for seeds.
Seeds were only counted if they had no visible herbivore damage or pathogen infection.
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Appendix III
Supplemental Data from Chapter 5

Parental Treatment

LAR1
Sampling
Date 1

LAR2
Sampling
Date 2

LAR3
Sampling
Date 3

Supplemental Figure 1: Maternal effects do not impact in-field herbivore resistance via
percent Leaf area removed (LAR). Values were analyzed via Two-factor ANOVA with
maternal treatment and F1 simulated herbivore damage.
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*

F0 emitter
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C

A

S

C

A

S

Supplemental Figure 2: Maternal effects of herbivory and HIPV-mediated
eavesdropping on seed cyanide (CN) content in F0 emitters vs. receivers (a) and
maternal treatment. C= control, A=A.gemmatalis treatment, and S=S.exigua treatment.
F1 seeds were collected from parental plants at the end of the 2018 field season and
quantified for differences in CN content. Asterisks (*) indicate p-values less than 0.05
after conducting a Tukey’s posthoc tests. Samples sizes were relatively small (N=10) and
I was unable in increase the replicate size due to extenuating circumstances.
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2018

2019

Supplemental Figure 3: Differences in overall biomass are significantly different based
on growing season. MANOVA results for leaf, stem, root, and fruit biomass were
conducted before visualization of differences via NMDS.
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Supplemental Table 1: Overall MANOVA results for differences in final
biomass (Leaf, Stem, Root, and Fruit biomass) between F0 and F1 plants.
Factor
df
Year
F0_trtment
F0_trtment x Year

Wilk's lambda F
1
0.3975
5
0.9035
6
0.35117
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p-value
103.37 <0.0001
1.384
0.09859
13.217 <0.0001

Supplemental Table 2: One-way ANOVAs for supplemental figures of cyanogenic potential
of seeds and LAR overtime
Responses
Variables
DF
Seed cyanide content F0 treatment
Seed ID
F0 emitter vs. Eavesdropper
Residuals
LAR overtime
F0 treatment
Time

115

F-value
p-value
5
9.4877
0.2414
71
1.4602
0.5893
1
10.023
0.002225
76
5
0.1309
0.9853
2
10.749 <0.0001
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Metabolism of Eelgrass, Zostera muelleri, and Grazing by the Juvenile Rabbitfish, Siganus
fuscescens. PLoS ONE 9(8): e104738.
Bissmeyer S*, Freundlich G, and Frost C (2018) The Influence of Dose of a Plant-Derived
Volatile Cue on Arabidopsis thaliana Resistance against Insect Herbivores, Kentucky
Journal of Undergraduate Scholarship: Vol. 2: Issue 1, Article 10.
Publications in preparation (* denotes mentored undergraduate):
Freundlich G. and Frost C (2019) Costs and benefits of eavesdropping on cis-3-hexenyl
acetate on two plant species in a common garden. Biorxiv preprint
https://www.biorxiv.org/content/10.1101/370692v2
Freundlich G, Greenberg L*, Bissmeyer S*, Nunamaker V*, and Frost CJ. cis-3-hexenyl
acetate exposure differentially affects growth-defense tradeoffs.
Freundlich G, Pickett C*, Shields M*, Wong V*, and Frost CJ. Herbivore identity
significantly impacts neighboring fitness effects in Phaeseolus lunatus under field
conditions.
Freundlich G, Frost C, and Emery S. Transgenerational effects of eavesdropping are not
observed in response to HIPVs under field conditinos
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Van Neerbos, Frank, Freundlich G, Yang C*, Curry K*, van Loon J, Eason R, and Pazouki L.
Transgenerational herbivory impacts tri-trophic interactions in early plant development.
Awards:
Plant-Herbivore Interactions Gordon Research Seminar invited speaker

2019

NSF GRFP Honorable mention

2017

Kentucky Academy of Sciences Oral presentation in Ecology and Environmental
Science; Second place

2017

Awarded Grants:
University of Louisville Dissertation Completion Grant $5,000

2020

University of Louisville GNAS research award $250

2019

Biology Graduate Student Association Research grant $150

2019

University of Louisville A&S travel award $350

2019

University of Louisville GNAS travel grant $350

2019

UofL Biology graduate student presentation award $1000

2018

University of Louisville A&S creative grant $500

2017

Presentations:
*denotes undergraduate co-presenter
Freundlich, G and Frost CJ, 2019 Is there a cost to “smelling” danger? cis-3-hexenyl
acetate mediated defense priming is independent of fitness costs, Ecological Society of
America, Louisville
Freundlich G and Frost CJ, 2019 The cost of “smelling” danger: source and duration of
HIPVs differentially affect growth and reproductive costs in Phaseolus lunatus, Gordon
Plant Herbivore Interactions, Oral presentation at seminar, poster at the conference,
Ventura, CA
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Freundlich G and Frost CJ, 2018 Exposure to the green leaf volatile cis-3-hexenyl acetate
differentially influences growth and fitness of Phaseoulus lunatus and Capsicum annuum
under field conditions, Ecological Society of America, New Orleans, LA
Freundlich G and Frost CJ, 2018 The green leaf volatile cis-3-hexenyl acetate
differentially influences fitness of field-grown Phaseoulus lunatus and Capsicum
annuum, Midwestern Ecology and Evolution Conference, Kellogg Biological Field Station,
MI
Shields M*, Freundlich G, and Frost CJ, 2018 Determining the Cyanogenic Potential of
Two Land Races of Lima Bean, Phaseolus lunatus, Kentucky Academy of Sciences, Berea
College, KY
Freundlich G 2017 Differential fitness occurs in response to varying duration periods of
the herbivore-associated cue, cis-3- hexenyl acetate, Kentucky Academy of Sciences,
Berea College, KY
Freundlich G 2017 Species-Specific Responses to Cis-3 hexenyl acetate Result in
Differential Fitness Costs within Phaseoulus lunatus and Capsicum annuum Oral
Presentation; UofL Graduate Student Research Conference, University of Louisville
Freundlich G and Frost CJ 2017 Plant Derived Volatiles Alter Fitness in a Species-Specific
Manner Oral Presentation, Kentucky Academy of Sciences, Murray State, KY
Freundlich G 2016 On High Alert: Differential Fitness Costs Upon Continuous Exposure
to the Priming Stimulus Cis-3-Hexenyl Acetate Poster Presentation; Kentucky Academy
of Science, University of Louisville, KY
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Teaching Experience:
Instructor of Record for Chemical Ecology 435/635
Graduate Teaching Assistant at the University of Louisville

2019
2016-2018

Teaching Assistant for Biology 121: This is Your Life

2014

Teaching Assistant for Biology 318: Animal Development

2013

Undergraduate and post-bac mentees:
Allie Peot: Investigating species-specific tradeoffs

2016-2017

Sarah Bissmeyer: Dose of a volatile cue effects on Priming

2016-2017

Liana Greenburg: Volatile duration effects on plant-pollinator interactions

2017

Gabe Joachim: Drought and salinity affect recovery in Mimosa pudica

2017

Carly Nunamaker: Volatile duration effects on growth-defense tradeoffs

2017

Connor Slone: Transgenerational effects of herbivory on germination

2017-2019

Vicki Wong: Herbivore identity affects growth-defense tradeoffs

2018

Courtney Pickett: Herbivore identity affects growth-defense tradeoffs.

2018

Maria Shields: Cyanogenic potential is affected by herbivore identity

2017- 2019

Myron Adams: F0 effects of herbivory on F1 growth and defense profiles

2019

Emma Isson: Parental herbivory affects defense induction in lima bean

2019

Public Outreach and Departmental Service:
Graduate student representative for Quantitative Ecologist search

2019-present

Community outreach at Blackacre Conservancy

2017-present

Biology Graduate Student Organization Graduate Committee chair

2019-present

Gallatin county scientific literacy outreach coordinator

2018

Kentucky Academy of Sciences Middle School Mentor

2018
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Biology Graduate Student Organization Vice President and Treasurer

2018-2019

Biology Graduate Student Organization Secretary

2017-2018

Scientific Outreach Field Organizer for Lexington Local Schools

2015

Professional Development:
University of Louisville Graduate Teaching Academy 1&2
University of Louisville Grant Writing Workshop

2019-present
2017

Professional Society memberships:
Ecological Society of America

2018-present

Sigma Xi Honor Society

2018-present

Kentucky Academy of Sciences

2016-present
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